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ABSTRACT 


The  purpose  of  this  study  was  to  select  the  best  technical  approaches 
for  stabilizing  a  wide  spectrum  of  externally  slung  helicopter  loads  at 
forward  speeds  up  to  ISO  knots  equivalent  air  speed  (KEAS). 

This  effort  was  accomplished  in  a  two-phase  program.  Phase  I  was 
designed  to  identify  and  characterize  typical  sling  loads,  to  establish 
their  aerodynamic  and  dynamic  characteristics,  to  gain  physical  understand¬ 
ing  of  helicopter/sling- load  coupling  dynamics,  and  to  develop  design  ap¬ 
proaches  for  stabilizing  devices  together  with  criteria  and  methodology  for 
cost-effectiveness  analysis.  Phase  11  was  devoted  to  the  performance  of  a 
trade-off  study  of  load  stabilization  systems,  the  formulation  of  preliminary 
design  concepts  for  the  most  effective  load  stabilization  approaches,  and 
an  evaluation  of  candidate  stabilization  systems  using  a  moving-base 
flight  simulator.  _ 

Several  technical  approaches  were  found  to  satisfy  the  150-knot  criterion 
for  carrying  specific  loads.  These  Included  two-point  suspension  systems, 
the  use  of  drag  chutes,  mechanical  stabilization  systems  which  show  con¬ 
siderable  promise,  aerodynamic  load  stabilization  with  rate  sensors  and  a 
beam  with  control  surfaces  secured  to  the  load,  display  systems  for  monitor¬ 
ing  load  position,  and  electronic  stabilization  Bystems  providing  rate  and 
acceleration  inputs  to  the  helicopter's  stability  augmentation  system  (SAS). 
The  last  approach  is  favored. 

The  electronic  stabilization  system,  although  complex  in  implementation,  la 
versatile.  Overall  system  stability  is  very  sensitive  to  varying  flight 
configurations  and  conditions.  For  each  specific  flight  configuration  and 
condition,  the  optimized  load  stabilization  system  is  extremely  effective. 
Practical  implementation  of  the  proposed  concept  and  a  complete  evaluation 
with  respect  to  the  promising  mechanical  stabilization  approaches  require 
further  study. 
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INTRODUCTION 


Transportation  of  heavy  loads  slung  externally  from  a  helicopter  has  proved 
to  be  highly  effective.  Current  techniques  for  suspending  loads  from  heli¬ 
copters  in  flight  may  result  in  the  loads'  assuming  attitudes  and  exhibiting 
motions  which  can  be  attributed  to  the  aerodynamic  characteristics  of  the 
load.  Typically,  light  loads  with  large  surfaces  exposed  are  most  prone  to 
experience  disturbances  which  affect  the  stability  of  the  transporting  heli¬ 
copter.  Three  types  of  undesirable  motions  are  generally  exhibited  by  the 
suspended  load:  pendular,  yaw,  and  a  combination  of  both.  The  pendular 
motion  is  most  prevalent  with  relatively  long  cable  lengths.  Yaw  motions 
can  be  encountered  at  virtually  any  cable  length.  The  characteristics  are 
currently  accommodated  by  reducing  the  forward  speed  of  the  aircraft,  which 
generally  attenuates  the  aerodynamic  forces  on  the  suspended  load  until  the 
motions  are  within  tolerable  levels.  These  factors  preclude  optimizing 
helicopter  efficiency  and  productivity  over  a  wide  spectrum  of  loading  con¬ 
ditions  and  may  adversely  affect  stability  and  controllability  of  the  air¬ 
craft. 

With  the  advent  of  the  next  generation  of  transport  helicopters,  there 
exists  a  high  probability  of  broader  performance  envelopes,  relative  to 
both  speed  and  load-carrying  capabilities.  The  work  described  by  this 
report  has  been  directed  toward  the  analysis  of  thcxe  factors,  both  dynamic 
and  aerodynamic,  necessary  to  achieve  acceptable  behavior  for  a  broad 
spectrum  of  loads  when  they  are  transported  externally  at  forward  speeds  up 
to  150  knots  equivalent  airspeed  (KEAS). 


l.o  IDENTIFICATION  AND  CATEGORIZATION  OF  HELICOPTER  SLING  LOADS 


1.1  INITIAL  IDENTIFICATION 

The  Initial  task  was  an  investigation  to  collect  and  specify  basic  external 
load  data  in  terms  of  types  of  loads,  sizes,  weight,  etc.  To  accomplish 
this,  Northrop  conducted  data  collection  visits  to  the  CDC  Transportation 
Agency,  Fort  Eustis,  Virginia;  CDC  Aviation  Agency,  Fort  Rucker,  Alabama; 
and  Boeing/Vertol,  Philadelphia,  Pennsylvania.  Based  upon  these  visits,  a 
Table  of  Organization  and  Equipment  (TO&E)  was  developed  to  show  all  of  the 
division  level  materiel  which  might  be  subjected  to  external  transport  by 
helicopter.  In  consideration  of  the  largest  quantity  of  items  found  in  the 
TO&E  (which  would  require  helicopter  lift  for  rapid  and  mobile  deployment), 
as  well  as  the  weight,  aerodynamic,  and  stability  characteristics  of  the 
load,  a  candidate  load  list  was  developed. 


Load  Categorization 

Aircraft.  Helicopters  and  Airplanes 

Data  is  available  on  the  aerodynamics  and  geometry  of  the  CH-34  and 
CH-47  helicopters.  Pilot  interviews  have  noted  that  the  CH-34  is  a 
stable  load  which  may  be  carried  up  to  at  least  100  knots  while  the 
CH-47  is  limited  to  a  maximum  speed  of  approximately  40  knots.  As 
these  represent  well-known  loads  of  great  interest,  they  are  particu¬ 
larly  good  cases  to  use  in  evaluating  analyses,  methods,  and  results. 

Rectangular  Box- Shaped  Containers 

Estimated  data  have  been  generated  for  a  family  of  rectangular  box¬ 
shaped  containers  which  are  representative  of  the  cargo  containers, 
vans,  etc.,  which  will  constitute  a  large  segment  of  the  cargo  to  be 
carried  in  the  future  as  external  sling  loads.  The  shapes  involved 
have  square  cross-sections  and  varying  fineness  ratios. 

Analyses  involving  these  simple  shapes  aided  in  identifying  the  load 
characteristics  which  are  conducive  to  the  onset  of  load  oscillations, 
as  well  as  establishing  the  limiting  speeds  and  stabilization  required 
for  successful  carriage  of  the  individual  containers.  Parametric 
studies  have  considered  weight,  eg,  and  inertia  variations  with  each 
of  the  containers  studied. 

Trucks.  Armored  Personnel  Carriers,  etc. 

Carrying  characteristics  of  this  type  of  load  have  been  evaluated 
based  upon  estimated  aerodynamic  characteristics. 
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Netted  Cargo 


These  loads  are  generally  symmetrical  ard,  when  so  rigged,  can  be 
carried  at  intermediate  speeds.  Analyses  of  these  loads  have  con¬ 
sidered  differences  in  density  as  the  major  load  variable,  the  load 
being  considered  aerodynamically  as  conical  and  with  only  secondary 
changes  in  shape. 

Dense.  High-Speed  Loads;  Howitzers.  Tanks,  etc. 

These  are  the  loads  which  present  the  least  difficulty  in  carrying  and 
which  are  least  affected  by  aerodynamic  forces. 

Dense,  Low- Speed  Loads;  Telephone  Poles,  Perforated  Steel  Plate 

These  loads,  although  they  are  very  dense  and  heavy,  are  difficult 
to  carry  if  held  near  the  center  of  gravity.  Analyses  of  these  loads 
have  added  insight  into  the  problem  of  carrying  sling  loads.  Opera¬ 
tionally,  the  difficulty  in  carrying  these  loads  is  generally  overcome 
by  supporting  them  near  one  end,  rather  than  at  the  center  of  the 
load. 


1.2  FINAL  LOAD  SELECTION 

The  typical  helicopter  sling  loads  studied  in  this  program  are  shown 
in  Table  I.  Due  to  the  nonavailability  of  wind  tunnel  test  and  flight 
test  data,  the  self-propelled  tracked  mortar,  vehicle  launched  bridge, 
and  howitzer  load  configurations  were  omitted.  Flight  test  results 
indicate  that  the  howitzer  configuration  does  not  create  much  problem 
in  flight.  Typical  single-rotor  helicopter  (VH-34)  and  jet  fighter 
aircraft  (F-5)  were  studied  as  helicopter  sling  loads.  Wind  tunnel 
test  data  and  flight  data  are  available  for  these  loads.  These  load 
configurations  were  considered  aerodynamically  and  dynamically  more 
meaningful  for  the  studies.  The  basic  load  data  of  the  helicopter 
sling  loads  studied  in  this  program  are  summarized  in  Table  I. 


TABLE  I.  TYPICAL  HELICOPTER  SUNG  LOADS  FOR  STABILIZATION  STUDY 
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2.0  LOAD  ANALYSES 


The  loads  selected  for  study  were  analyzed  for  force  and  moment  measure¬ 
ments.  Data  for  loads  not  deemed  suitable  for  an  analytical  prediction  of 
characteristics  were  obtained,  where  possible,  from  past  experimental 
flight  tests  and  wind  tunnel  programs. 

2.1  CURRENTLY  AVAILABLE  BODY  OF  DATA 

Literature  searches  and  current  investigations  indicate  that,  in  spite  of 
the  many  and  varied  programs  which  have  been  and  are  dealing  with  this  prob¬ 
lem,  there  is  no  single  source  which  summarizes  the  information  that  is 
known  about  the  flight  experiences  where  load  oscillations  have  been  en¬ 
countered.  Information  available  in  military  service  operating  manuals  and 
contractor  reports  covers  a  limited  number  of  loads  and  often  lacks  specif¬ 
ics  concerning  the  quantitative  data  required  for  analyses. 

Initial  Northrop  efforts  on  this  program  generated  a  summary  of  quantitative 
data  relating  to  the  definition  of  the  critical  loads  and  speeds  sufficient 
for  the  analytical  investigation  to  be  accomplished.  It  would  appear  to  be 
worthwhile  to  expand  .ipon  this  and  similar  collections  of  information  to 
provide  a  sound  data  base  available  to  all  investigators  dealing  with  the 
external  loads  problem.  It  would  be  helpful  if  this  collection  of  informa¬ 
tion  would  include  means  of  access  to  any  flight  films  showing  load/ 
helicopter  oscillations. 


2.2  DETERMINATION  OF  CRITICAL  LOADS  AND  CARRYING  SPEED  LIMITATION 

Analyses  of  the  sling-load  stability  problem  must  begin  with  a  quantitative 
definition  of  the  problem.  Information  is  required  to  establish  the  perti 
nent  physical  characteristics  of  critical  loads,  the  nature  of  the  load/ 
helicopter  oscillations  involved,  and  the  conditions  under  which  the  oscil 
la t ions  become  sufficiently  severe  to  impose  a  limitation  on  the  carrying 
speed. 


2.3  LOADS  FOR  INITIAL  STUDIES 

Initial  studies  used  rectangular  boxes  of  various  lengths  and  with  varying 
density,  center  of  gravity,  and  moments  of  inertia  for  the  externally  slung 
loads.  Use  of  this  grouping  of  sling- load  configurations  permitted  the 
generation  of  consistent  aerodynamic  data  and  aided  in  identifying  the  load 
characteristics  and  flight  conditions  which  are  conducive  to  the  onset  of 
load  oscillations.  Later  studies  analyzed  other  configurations. 
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2.4  SIMPLIFIED  MATHEMATICAL  MODELS  FOR  INITIAL  STUDIES 


Investigation  involving  simplified  mathematical  models  of  the  helicopter/ 
load  configuration  was  used  to  gain  insight  into  the  basic  nature  of  the 
instabilities  involved.  A  two-degree-of- freedom  model  (pendulum  plus  yaw) 
was  set  up  under  the  assumption  of  a  carrying  helicopter  unaffected  by  load 
oscillations.  Analyses  of  the  roots  of  the  resulting  characteristic  equa¬ 
tion  of  the  transient  motion  involved  were  conducted  to  aid  in  the  under¬ 
standing  of  the  root  causes  of  the  load  oscillations.  Other  simplified 
models  were  considered  and  were  used  during  later  stages  of  the  program. 


2.5  METHOD  OF  OBTAINING  SLING- LOAD  AERODYNAMICS 

The  aerodynamic  analysis  of  the  types  of  configurations  which  were  considered 
for  carriage  by  helicopter  presents  considerable  difficulties,  since  these 
shapes  are  not  streamlined  for  good  aerodynamic  performance.  Aerodynamic 
methods  basically  designed  to  treat  good  aerodynamic  shapes  must  be  used  to 
analyze  bulky  objects.  The  accuracy  of  the  aerodynamic  coefficients  thus 
obtained  becomes  suspect,  and  an  attempt  must  be  made  to  determine  the 
accuracy  which  is  obtained. 

The  basic  method  which  was  used  during  the  study  contract  to  analyze  the 
aerodynamic  coefficients  of  slung  helicopter  loads  was  a  computer  program 
which  was  designed  to  analyze  aircraft  fuselages.  This  program  analyzes 
the  coefficients  in  two  components.  First  a  slender  body  calculation  is 
made,  using  the  basic  methods  outlined  in  Reference  1.  A  second  component 
of  the  aerodynamic  coefficients  is  obtained  by  using  a  viscous  cross-flow 
theory.  These  two  pares  are  added  together,  and  this  represents  the  complete 
aerodynamic  coefficient. 

The  program  computes  five  component  force  and  moment  coefficients--  C^,  C^, 

Cy,  and  --as  functions  of  resultant  angle  of  attack,  roll  angle, 

pitch  rate  and  yaw  rate.  This  permits  the  coefficients  to  be  found  for  any 

body  attitude.  The  method  does  not  permit  the  calculation  of  the  axial 

force  coefficient,  C  . 

x 

This  computer  program  is  further  described  in  Appendix  I. 


2.6  LIMITATIONS  OF  METHOD 

The  computer  program  was  initially  intended  to  treat  slender  bodies,  and 
its  use  in  analyzing  slung  helicopter  loads  such  as  cargo  containers, 
trucks,  etc.,  invalidates  the  slender  body  assumption  and  makes  the  results 
obtained  of  questionable  accuracy.  The  program  assumes  that  the  frontal 
area  of  sections  of  the  body  change  gradually  in  the  axial  direction.  It 
was  assumed  that  the  initial  cross-sectional  area  (at  the  nose)  was  zero 
and  that  a  gradual  buildup  of  area  occurred.  This  means  that,  in  analyzing 
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such  shapes  as  the  cargo  container  and  the  command  post,  a  correction 
accounting  for  the  instantaneous  buildup  of  frontal  area  must  be  made  to 
the  machine  calculations. 

The  program  also  does  not  contain  any  provision  for  computing  the  axial 
force  coefficient,  (  ,  and  thus  supplemental  methods  must  be  used  to 

estimate  this  coefficient. 

In  addition,  the  rolling  moment  coefficient  predicted  is  based  entirely  on 
the  slender  body  theory  with  no  viscous  cross- flow  effect  included.  This 
makes  this  coefficient  less  likely  to  be  accurate  than  the  other  coefficients. 


2.7  ANALYSIS  OF  CARGO  CONTAINERS 
2 

Lehmann  presents  test  data  for  square  and  circular  cylinders  at  angles  of 
attack  between  0  and  90  degrees.  Although  the  tests  were  performed  with 
extremely  small  models,  this  was  the  only  data  available  for  box-like  shapes 
of  varying  fineness  ratios.  It  was  decided  to  use  the  square  cylinder  data 
to  check  out  and  modify  the  prediction  method,  since  the  cargo  container 
was  of  a  similar  shape. 

Slender  body  theory  and  viscous  cross- flow  theory  were  used  to  obtain  a 
comparison  with  this  data.  The  theoretical  value  of  CN  and  a  viscous 

a 

cross-flow  drag  coefficient  of  2  were  used  to  obtain  the  correlation  of 
Figure  1.  This  comparison  shows  that  for  the  shorter  cylinders  the  normal 
force  was  being  overpredicted  and,  of  course,  no  comparison  was  obtained 
for  the  axial  force  coefficient,  C^.  The  moment  predicted  was  also  in 

disagreement. 

To  improve  and  complete  the  comparison,  modifications  were  made  to  the 
aerodynamics  model.  In  predicting  the  normal  force,  it  was  determined  that 
the  potential  or  slender  body  contribution  to  the  coefficient  was  of  the 
form 


CN  =  CN  Sin  a  COS  *  (l> 

pot  dr 

where  is  the  theoretical  slender  body  value  obtained  from  Reference  1. 

a 


The  viscous  contribution  was  of  the  form 

C 


„  ■  C_  A  /A  sin  a 

N  .  D„  8  x 

vise  C 


where  is  the  cross- flow  drag  coefficient. 

c 


(2) 


7 


\, 


8 


To  obtain  better  correlation,  it  waa  assumed  that  C„  and  C_  would  have 

«  D_ 

o  C 

to  be  functions  of  container  fineness  ratio.  Therefore  the  test  data  was 

used  to  determine  how  these  two  parameters  would  vary.  It  was  assumed 

that  a  parameter  C.,  should  be  used  instead  of  C„  where  C„  would  be  a 
N  N  N 

c*  drf 

function  of  fineness  ratio.  The  curve  below  shows  how  this  parameter  was 
found  to  vary. 


V\ 


A  similar  variation  was  assumed  to  occur  in  the  viscous  cross- flow  drag 
coefficient.  In  this  case  the  value  C  was  replaced  by  the  parameters 

DC 

1]Cjj  where  T]  was  assumed  to  be  a  function  of  the  fineness  ratio. 

c 

Reference  3  indicates  that,  assuming  a  two-dimensional  (i.e.,  a  high 
fineness  ratio)  value  of  C  ,  the  value  of  T|C  should  vary  as  is  shown 

DC  DC 

in  the  curve  below. 
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These  values  of  C*. 

N 

Of 


and  TIC 

DC 


were  then  used  to  recompute  the  normal  force 


coefficient  for  the  three  test  cylinders. 


To  obtain  the  axial  flow  coefficient  it  was  noted  that  for  the  cube  the 
axial  force  and  the  normal  force  are  identical,  except  that  the 
normal  force  at  90-degree  angle  of  attack  is  the  axial  force  at  0-degree 
angle  of  attack  and,  similarly,  the  normal  force  at  0-degree  angle  of 
attack  is  the  axial  force  at  90-degree  angle  of  attack.  It  was  postulated 
that  the  axial  force  would  be  independent  of  the  body  fineness  ratio  and 
this  fact  is  substantiated  to  a  reasonable  degree  by  the  test  data.  This 
permitted  the  axial  force  coefficient  to  be  predicted  by  the  equation  for 
the  normal  force  for  the  cube,  with  sine  and  cosine  being  reversed. 

No  method  was  found  which  would  permit  a  valid  expression  to  be  determined 
for  the  pitching  moment.  In  computing  the  pitching  moment,  however,  it 
was  assumed  that  the  slender  body  component  of  the  axial  force  acted  at 
the  body  nose  and  that  the  viscous  contribution  was  distributed  evenly 
along  the  plane  form.  It  is  probable  that  these  assumptions  should  be 
modified  to  obtain  better  moment  agreement. 

Figure  2  shows  the  correlation  with  Lehmann's  test  data  which  was  obtained 
by  making  the  above  modifications.  It  appears  that  the  axial  and  normal 
forces  are  predicted  adequately  but  that  the  moment  coefficient  is  not 
satisfactory.  It  should  be  noted,  however,  that  the  test  moment  coefficients 
are  inconsistent  in  that  they  do  not  go  to  zero  at  0-degree  and  90-degree 
angle  of  attack.  This  may  indicate  that  the  test  moment  coefficients  are 
not  too  reliable. 


Figure  3  shows  how  the  modified  analytical  method  predicts  the  coefficients 
for  an  8-by-8-by-20-foot  container  as  compared  to  the  two  Lehmann  models 
with  fineness  ratios  spanning  the  containers. 

After  the  above  study  was  made,  further  data  was  obtained  from  an  un¬ 
published  source.  The  theoretical  comparisons  with  this  data  are  shown 
in  Figures  4  and  5.  The  container  in  Figure  4  shows  a  good  correlation 
of  D/q  and  L/q  with  a  poor  correlation  of  M/q.  This  seems  to  indicate  that 
theoretical  prediction  of  moments  is  unsatisfactory.  The  Figure  5  container 
had  rounded  ends  and  thus  is  not  directly  comparable  to  the  theoretical 
results.  The  test  values  indicate  lower  values  for  D/q  and  higher  values 
for  L/q.  For  some  reason  the  test  moments  are  in  better  agreement  with 
theory  than  the  other  comparisons  show. 

The  modification  parameters  and  T]C^  as  described  above  were  then 

*f  ° 

used  in  the  computer  program  to  predict  the  rotary  derivatives  of  the 
container.  The  matching  of  the  static  coefficients  with  test  data  should 
permit  the  calculation  of  more  reliable  rotary  derivatives. 
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®  Test  Values 


2.8  DISCUSSION  OF  ERRORS  IN  ANALYTICAL  DATA 


In  order  to  determine  the  reliability  of  the  theoretical  predictions  for 
the  other  configurations  in  this  study,  it  is  necessary  to  postulate  the 
sources  of  error  in  the  prediction  of  the  pitching  moment.  The  theoretical 
predictions  are  based  on  a  combination  of  slender  body  theory  and  viscous 
cross- flow.  The  slender  body  theory  relates  the  local  normal  force  on  a 
body  to  the  rate  of  change  of  body  cross-section.  In  the  case  of  boxes 
such  as  those  under  consideration,  the  blunt  face  of  the  box  represents  an 
abrupt  change  of  body  cross-section  and  an  impulsive  lift  force  is  predicted 
at  the  front  of  the  box.  This  represents  the  total  slender  body  contribu¬ 
tion  to  the  box's  normal  force  and  pitching  moment. 

The  viscous  cross- flow  contribution  accounts  for  separation  on  the  upper 
surface  by  distributing  a  cross-flow  drag  along  the  body  proportional  to 
the  local  cross-sectional  shape  and  to  the  cross- flow  component  of  velocity. 
This  results  in  a  considerable  component  of  lift  or  normal  force  but  no 
contribution  to  the  pitching  moment  (in  the  case  of  a  container  with  moment 
center  at  the  centroid  of  area). 

In  considering  the  actual  flow  about  the  box,  one  can  postulate  three 
possible  areas  of  discrepancy  to  account  for  the  disagreement  between  theory 
and  test: 

1.  In  applying  the  slender  body  theory,  one  applies  an  impulsive 
and  highly  localized  force  at  the  nose  of  the  box.  It  seems 
that  in  actual  fact  this  force  would  be  diotributed  over  a  larger 
portion  of  the  box  and  would  result  in  less  pitching  moment  than 
has  been  predicted.  Test  results  (from  an  unpublished  source) 
for  a  box  with  rounded  corners  are  shown  in  Figure  5.  Assuming 
that  the  rounding  of  the  corners  prevents  separation  on  the  lower 
surface,  it  would  appear  that  these  test  results  show  a  pitching 
moment  more  nearly  representative  of  that  to  be  expected  due  to  a 
distribution  of  the  slender  body  load  on  the  box.  From  these 
tests  it  appears  that  perhaps  the  slender  body  load  should  be 
applied  at  somewhere  near  one-fourth  of  the  body  length. 

2.  The  pressure  distribution  on  the  front  face  is  such  as  to  cause 
a  restoring  pitching  moment  as  shown  in  the  following  sketch: 
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This  shift  in  the  pressure  force  on  the  front  face  cannot  be 
accounted  for  theoretically  but  has  been  shown  to  exist  in  tests 
of  flat  plates. 

3.  The  sharp  corners  of  the  front  face  cause  the  flow  about  the 

body  to  separate  along  the  lower  surf  ace,  causing  a  region  of  low 
pressure  as  shown  in  the  following  sketch: 


The  viscous  cross-flow  term  in  the  theoretical  calculations  accounts  for 
the  separation  effects  on  the  upper  surface  but  does  not  account  for  separa¬ 
tion  on  the  lower  surface. 

These  three  sources  of  error  tend  to  cause  a  lower  pitching  moment  than  is 
predicted  theoretically,  especially  at  low  angles  of  attack,  and  may  account 
fully  for  the  discrepancy  noted. 

On  other  configurations  of  this  study  (i.e.,  truck,  tank,  and  command  post 
carrier),  items  2  and  3  above  are  less  critical,  since  the  front  ends  of 
these  vehicles  do  not  present  blunt  faces  to  the  wind.  In  the  case  of  the 
tank  and  the  command  post  carrier,  there  is  an  impulsive  force  at  the  front 
of  these  vehicles  in  the  slender  body  representation  of  the  forces  and 
moments . 

It  is  not  possible  to  include  these  effects  in  the  theoretical  calculations, 
except  for  the  slender  body  effect,  and  the  justification  for  modifying  this 
may  not  be  warranted. 
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2.9  ANALYSES  OF  OTHER  SLING  LOADS 


Aerodynamic  coefficients  and  derivations  have  also  been  computed  for  three 
other  sling  loads  (a  cargo  truck,  M-35A1;  an  armored  reconnaissance/airborne 
assault  vehicle,  M-551;  and  a  command  post  carrier,  M-577A1),  using  the 
computer  program.  These  results  are  presented  in  Appendix  II. 

This  program  required  that  the  area,  centroid  of  area,  mapping  circle  radius, 
r^,  and  one  other  coefficient  of  the  mapping,  a^,  be  estimated  as  continuous 

functions  of  distance  along  the  axis,  as  is  discussed  in  Appendix  II.  This 
required  that  an  idealized  description  of  the  vehicles  be  used,  since  all  of 
the  protuberances  and  singularities  cannot  be  treated  analytically.  The 
area  variation  and  centroid  of  area  were  estimated  from  these  outlines  and 
the  two  mapping  function  coefficients,  r£  and  a^,  were  estimated  by  the 
following  formulas: 

_  b/2  +  a/2 
c  2 

b/2  -  a/2 
al  2 

where  a  and  b  are  the  maximum  horizontal  and  vertical  dimensions. 

A  drag  force  at  zero  angle  of  attack  was  estimated  from  test  data  for 
similar  shapes,  using  Reference  4.  TTC^  was  estimated  to  be  1.13  in  both 

c 

the  lateral  and  vertical  directions. 


(4) 


2.10  SOURCES  OF  AERODYNAMIC  CHARACTERISTICS  USED  IN  THE  DYNAMIC  ANALYSIS 
OF  VARIOUS  SLING  LOADS 


Sources  of  aerodynamic  characteristics  used  in  the  dynamic  analysis  of 
various  proposed  sling-load  configurations  studied  in  this  program  are 
summarized  in  Table  II.  These  represent  the  best  sources  available  for 
the  various  sling-load  configurations. 
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3.0  PILOT  INTERVIEWS 


Interviews  with  pilots  having  flight  experience  with  external  loads  were 
conducted  to  aid  in  listing  critical  loads  and  carrying  speeds ,  and  to 
ensure  that  analytical  efforts  focus  on  practical  aspects  of  the  carrying 
problem.  Those  interviewed  include  Northrop  pilots  with  recent  helicopter 
load-carrying  experience  and  pilots  from  the  56th  Marine  Air  Group  stationed 
at  El  Toro  Marine  Air  Station. 

The  following  information  has  been  categorized  by  type  of  load  suspension 
rather  than  by  the  nature  of  the  load,  since  the  former  represents  a  more 
clear-cut  distinction. 


3.1  SINGLE-POINT  SUSPENSION 

This  is  the  most  common  type  of  load  suspension.  It  is  the  standard  CH-47 
suspension  technique  and  is  used  to  transport  96  percent  of  the  loads 
carried  by  the  CH-54  in  Vietnam. 

Compact,  heavy,  dense  loads  are  the  easiest  to  transport.  These  are  such 
things  as  armored  vehicles,  trucks  and  artillery  pieces.  A  2-1/2-ton 
truck,  an  A-1E  aircraft  and  a  D-5  bulldozer  did  not  require  retrim  on  air¬ 
speed  once  cruise  speed  had  been  established.  The  truck  and  bulldozer  spun 
in  a  slow  and  apparently  randan  manner  (in  the  order  of  30  seconds  per  revolu¬ 
tion) .  The  A-lE  aircraft,  with  wings  folded  and  props  feathered,  aligned 
quickly  into  the  wind  and  exhibited  small  (2-  to  3-degree)  yaw  oscillations. 

The  CH-46  helicopter  is  limited  to  a  carrying  speed  of  about  80  knots  pro¬ 
vided  that  it  streamlines  into  the  flow.  It  tends  to  hang  in  a  broadside 
position  at  low  speeds.  The  Marines  use  drag  chutes  to  aid  in  establishing 
it  in  a  streamlined  position  at  low  speed.  Once  the  higher  speed  is 
attained,  the  CH-46  will  generally  stabilize  without  the  chutes.  This  opinion 
does  not  agree  with  other  known  flight  experience. 

The  CH-34  helicopter  makes  a  stable  load  and  may  be  carried  to  at  least  100 
knot 8. 

A  stripped  CH-47  fuselage  rotated  about  the  hook  in  hover.  In  a  climb  at 
40  knots  the  load  exhibited  a  random  ±60-degree  yaw  motion.  In  level  flight 
the  load  assumed  a  stable  position  with  a  slight  right  yaw.  Speed  buildup 
was  begun  at  50  knots  and  the  load  remained  stable  in  all  maneuvers.  The 
buildup  was  continued  to  a  maximum  speed  of  70  knots,  where  the  load  re¬ 
mained  stable.  However,  the  trail  angle  reached  a  point  where  the  aft  end 
of  the  load  was  only  8  to  10  feet  from  the  loading  ramp  (mother  ship  was 
also  a  CH-47).  The  helicopter  was  decelerated  to  40-50  knots  and  a  descent 
initiated.  During  this  descent  a  very  heavy  pitching  and  yawing  oscilla¬ 
tion  was  excited  in  the  load.  The  load  turned  broadside,  imposing  a  very 
heavy  deceleration,  then  yawed  back  to  approximately  zero  yaw  and  pitched 
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down  to  an  extremely  nose- low  altitude,  which  brought  the  aft  end  of  the 
load  very  close  to  the  ramp  of  the  lifting  helicopter.  When  forward  speed 
was  reduced  to  30  knots,  the  oscillation  damped.  A  maximum  speed  of  30  knots 
would  then  be  imposed  on  this  configuration.  The  normal  retrieval  con¬ 
figuration  should,  however,  be  somewhat  more  stable  than  this  test  configura¬ 
tion,  which  was  stripped  of  most  large  removable  items  and  so  only  weighed 
3,700  pounds  and  had  most  window  covers  and  doors  removed. 

Vans  (approximately  8  by  8  by  20  feet  with  weights  of  about  10,000  pounds) 
tend  to  head  into  the  wind  but  oscillate  in  yaw  such  that  their  carrying 
speed  limit  is  about  40  knots.  A  UPS-1  Radar  Van  (approximately  cube¬ 
shaped)  has  been  carried  at  speeds  up  to  60  knots,  experiencing  oscillations 
only  during  deceleration. 

Boeing/Vertol  conducted  tests  with  a  shipping  container (8  by  8  by  20  feet, 
5,200  pounds).  In  hover,  the  container  was  stable  to  collective  pitch  ex¬ 
citations  and  exhibited  a  random  slow  rotation  about  the  hook.  The  heli¬ 
copter  was  accelerated  to  50  knots  and,  during  a  climb,  the  container 
yawed  from  left  to  right  ±45  degrees,  producing  heavy  accelerations  in 
the  helicopter.  In  level  flight  at  60  knots  the  container  assumed  a  broad¬ 
side  condition  and  occasionally  made  a  complete  rotation  about  the  hook. 

This  yaw  motion,  coupled  with  the  resultant  lateral  and  longitudinal 
swinging  of  the  container,  caused  heavy,  long-period  accelerations  and 
decelerations  in  the  helicopter  and  required  the  pilot  to  make  frequent 
control  inputs  to  maintain  the  desired  flight  condition.  The  heavy  load 
motions  appeared  likely  to  result  in  a  collision  between  load  and  heli¬ 
copter.  A  maximum  speed  of  40  knots  was  considered  safe  for  normal 
maneuvering. 

A  105  mm  howitzer  represented  a  high-density  load  which  could  be  carried  to 
power-limited  speeds  (greater  than  130  knots  in  the  case  of  the  CH-47). 

Long  loads,  such  as  telephone  poles,  perforated  steel  planking,  etc.,  with 
load  attachment  at  the  center  of  gravity  are  generally  very  difficult  to 
carry.  They  may  be  readily  transported  if  held  near  one  end. 

Low-density  loads,  such  as  construction  materials,  lumber,  C-rations  and 
barbed  wire,  present  the  largest  stability  problem.  In  flight  with  these 
loads, it  is  frequently  necessary  to  reduce  airspeed  and/or  altitude  to 
reduce  the  amplitude  of  sling-load  oscillations.  At  a  speed  of  80  knots,  a 
load  consisting  of  a  cargo  net  of  C-ration  cartons  spun  at  about  one  revolu¬ 
tion  per  8  seconds.  After  a  short  while  the  load  began  a  pendulum  mode 
in  roll.  This  oscillation  imparted  perceptible  roll  moments  to  the  air¬ 
craft  Airspeed  was  reduced  to  70  knots  and  then  to  40  knots  until  the 
load  became  stable  in  both  roll  and  spin.  Airspeed  was  gradually  increased 
to  70  knots  and  the  load  remained  stable  for  the  rest  of  the  mission. 

At  least  insofar  as  the  single-point  suspension  load-carrying  technique  is 
concerned,  sling-load  operations  are  restricted  to  VFR  conditions.  Attempts 
to  fly  sling  loads  in  IFR  conditions  have  caused  severe  problems  in  load 
stability.  The  instrument  and  motion  cues  are  too  dissimilar  to  VFR  or 
conventional  IFR  flight  for  the  pilot  to  maintain  effective  control  of  the 
sling  load. 
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3.2  TWO-POINT  SUSPENSION 

Boeing/Vertol  has  investigated  two-point  suspension  systems  with  the  points 
displaced  both  laterally  and  longitudinally.  Wind  tunnel  testa  showed  that 
the  laterally  displaced  system,  aa  could  be  anticipated,  was  extremely  prone 
to  longitudinal  swinging.  The  longitudinally  displaced  system  exhibited 
good  yaw  restraint,  control  of  load  attitude,  and  minimum  longitudinal 
swinging.  It  has  been  found  that  low  density,  aerodynamically  unstable 
loads  such  as  shipping  containers  were  most  stable  when  flown  at  slightly 
nose-down  attitudes.  Consequently,  the  ability  to  control  load  attitude  is 
of  extreme  importance.  As  a  result  of  the  wind  tunnel  tests  only  the  two- 
point  longitudinally  displaced  system  was  carried  over  into  the  flight  test 
program.  The  shipping  container,  stripped  CH-47  fuselage,  and  105>nin 
howitzer  loads  were  flown  with  a  24-foot  separation  on  7.5-  and  50-foot 
cables,  with  and  without  a  spreader  beam  above  the  four  nylon  risers  con¬ 
nected  to  the  load.  In  addition,  the  shipping  containers  and  the  howitzer 
were  flown  on  100-foot  cables.  All  three  loads  were  also  flown  on  a  7.5- 
foot  cable  length  with  a  12- foot  separation.  Results  are  summarized  in 
Table  III. 


The  two-point  longitudinally  displaced  system  resulted  in  greatly  reduced 
load  oacillationa  when  compared  with  a  conventional  single-point  system. 
Most  striking  was  the  fourfold  improvement  in  maximum  airspeed  capability 
when  carrying  the  CH-47  fuselage.  Use  of  the  spreader  Improved  stability 
slightly  but  raprasantad  a  waight  penalty  and  increased  load  hookup  time. 


TABLE  III.  MAXIMUM  ACCEPTABLE  AIRSPEED  VS  LOAD  CONFIGURATION 


(BOEING/VERTOL  FLIGHT  TEST  PROGRAM) 


Configuration 

Load 

Shipping 

Container 

CH-47 

Howitzer 

Airspeed  (knots) 

7.5-ft  cable,  24-ft  separation 

120* 

135* 

50-ft  cable,  24-ft  separation 

65 

?  o  j 

— 

100-ft  cable,  24-ft  separation 

50 

— 

7.5-ft  cable,  12-ft  separation 

115* 

135* 

^Maximum  airspeed  of  flight  test 
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3.3  FQVR-fQIKI  SiSEBifilQH 


The  Sikorsky  CH-54  helicopter  has  provisions  for  the  four-point  suspension 
of  loads  which  lend  themselves  to  the  use  of  this  technique.  The  most 
representative  loads  are  CONEX's,  trucks  and  engineer  equipment.  Use  of 
suitable  rigging  makes  it  possible  to  accommodate  loads  such  as  lumber, 
palletized  equipment  and  house  trailers. 

Utilization  of  the  four-point  system  in  Vietnam  has  been  limited  to  4 
percent  of  all  CH-54  loads  due  to  (1)  the  requirement  for  making  center-of- 
gravity  computations  in  order  to  maintain  the  in-flight  stability  of  the 
CH-54,  and  (2)  the  time  required  to  make  a  four-point  hookup.  Aside  from 
these  problems,  it  has  been  found  that,  in  general,  loads  carried  by  four 
points  are  stable,  permitting  higher  airspeeds  than  single-point  suspension 
systems,  and  making  possible  prolonged  instrument  flight. 
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4.0  DERIVATION  OF  EQUATIONS  OF  MOTION  FOR  COMBINED  HELICOPTER  AND  SLING 
LOAD  WITH  LOAD  AERODYNAMICS 


The  equations  derived  by  Abzug  are  for  a  load  with  no  aerodynamics.  These 
equations  were  extended  to  include  the  significant  aerodynamic  effects. 

The  equations  will  accommodate  single  or  double  cable  with  attach  points 
at  any  centerline  point  on  the  helicopter. 

Figure  6  describes  the  geometry  of  the  helicopter  sling-load  pitch  plane. 
Table  IV  presents  the  basic  helicopter  and  sling-load  longitudinal  equa¬ 
tions.  The  lateral  geometry  and  equations  are  presented  in  Figure  7  and 
Table  V. 

These  equations  were  augmented  with  the  appropriate  stability  augmentation 
system  for  analysis.  Realistic  simulation  was  achieved  by  computing  euler 
angles  instead  of  the  integral  of  body  rates. 


4.1  FORMULATION  OF  SIMPLIFIED  MATHEMATICAL  MODELS  FOR  DYNAMIC  ANALYSIS 

The  two- degree-of- freedom  model  shown  in  Figure  8  was  set  up  assuming 
that  the  carrying  helicopter  is  unaffected  by  the  load  or  its  oscillations. 
Also,  for  thia  simplified  model,  roll  of  the  load  with  respect  to  the  cable 
was  assumed  to  be  zero;  i.e.,  the  load  plane  of  symmetry  parallels  the 
cable,  which  is  assumed  to  lie  on  a  straight  line  from  the  load  center  of 
gravity  to  the  carrying  helicopter  support  point. 

With  the  above  assumptions  the  equations  of  load  motion  may  be  set  up  as 
shown  below: 

i|f  ■  Rotation  of  load  about  its  z-axis,  positive  for  nose-  right 
8  ■  Sideslip  angle 

0  ■  Rotation  of  load  about  its  x-axis,  positive  counterclockwise  roll 
Side  Force  Equation 

•  •  D 

[mR0  *C  »q*s  —  0+Wsin0]+C  .  q  •  s  •  f  ■  0  (5) 

yp  v  ye 

Yawing  Moment  Equation 

[-  Cru  ‘  qsb  (v)  *]  +  [lz  V  *  Cn-qsb*  +  Cn  q8b'1']  *  °  (6) 

P  ^  p 

Combined  Equations 

The  stability  determinant  can  be  set  up  from  Equations  (5)  and  (6)  as 
follows : 
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TABLE  IV.  HELICOPTER/ SLING -LOAD  LONGITUDINAL  EQUATIONS  OF  MOTION 


where 


■  Stability  Determinant 


•2  - 1 

£)• ♦ » 

A 

R 

■  1 

If)- 

a2  -  Ba  +  C 

C 

<^qsb 


and 


D  - 


w_ 

mR 


1. 

R 


(9) 


»  aa4  +  baJ  +  ca  + 


(10) 


For  a  stable  system,  the  conditions  on  the  coefficients  of  the  stability 
determinant  quartic  are: 


(a)  a.  b.  d  and  e  >  0 


i.e. , 


C  <0,  C  <0C  >0 

y3  "P 


(ID 


(12) 


the  results  of  this  analysis  are  summarized  in  Section  6. 


4.2  STABILITY  ANALYSIS  OF  PENDULUM/YAW  OSCILLATION  MODE  OF  LOAD  WITH 
DRAG  CHUTE 


4.2.1  Modification  and  Revision  to  Characteristic  Equation 

The  pendulum/yav  oscillation  mode  model  was  analyzed  further,  and  the  effect 
of  stabilizing  drag  chutes  attached  at  the  load  centerline  aft  of  the  eg  was 
included  in  the  characteristic  equation  and  in  the  stability  parameter. 

The  following  are  the  characteristic  equation  and  stability  parameters  with 
the  stabilizing  drag  chute  effect  included: 

X4  +  BX3  +  C\2  +  DX  +  E-  0  (13) 
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I  ■  reference  dimension,  ft 

SR  ■  reference  area,  sq  ft 

R  ■  cable  length,  ft 
m  ■  mass  of  load,  slugs 


ac 

%  ‘  ST1  /r*d 

ft  C 

CnB  •  ^  /r*d 


C_  ■  parachute  drag  coefficient  ■ 


ac 

C_  -  — 7~7T  /rad 


n 


(#) 


C_  ■  load  drag  coefficient  ■ 

o  qSR 


V  ■  flight  speed,  ft/sec 
k  ■  radius  of  gyration 

m 

ip  ■  distance  from  chute  attachment  point  to  eg  of  load 
g  ■  gravity  constant 

4.2.2  Conditions  for  Stability 


(a)  B.  D.  and  E  >  0 


As  the  sign  of  C  and  C  will  almost  certainly  be  negative  for 
^3  nr 

configurations  which  would  be  considered,  B  should  always  be 
positive.  Positive  signs  on  D  and  E  require  that  C  be  positive 
and  that  np 


(14) 
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MC  C-  +^£  C  C„|  -  ~^T  C  >  0 
“V-B  Do  ye  Dp/  2RV2  “r 

(v  '  f2  CD_1  >  0 


(b)  Routh'i 


D(BC-AD)-BE  >  0 


The  modified  end  corrected  Routh'a  stability  parameter  to 
Include  the  effect  of  load  drag  and  effect  of  stabilizing  chute 
is  presented  in  the  following: 

B  ■  b. 


where  b 


1  "  2u  (%  +  2  A  \) 


C-ft+C2 


where  Cj  ■  £ 


and  C„ 


ft*2  „  *  %  V  *  »  k  2  \ 

m  L 


% '  ^  A 


D  ‘F^+<12 


Wh,r*  *1  •  •  w7  ~2  \ 

1 


and  d,  ■  +  — r  -* 
6  ^  k 


tr/c-C+^C  C.  \ 
,i  ”b  *  yB  Dp  / 


E  *  F* 


1  l2  2d 

"here  *i"ns  72  (%  i  ct( 


)  «d  F.-5LS 
*2g 


The  results  of  this  analysis  are  summarized  in  Section  6. 
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4.3  ANALYTICAL  INVESTIGATION  OF 


t  AND  SLING- LOAD  DYNAMICS 


The  dynamics  of  a  large  helicopter/VTOL  vehicle  carrying  a  sling  load  are 
very  complex.  The  basic  cargo-carrying  vehicle  may  be  unstable  within  the 
normal  flight  envelope  and  will  therefore  have  associated  stability  aug¬ 
mentation  systems.  A  pilot's  ability  to  increase  the  stability  of  the 
system  should  be  considered.  Analysis  should  be  done  with  various  combina¬ 
tions  of  vehicles,  loads,  and  control  systems.  Hence,  an  automated  method 
of  analyzing  the  total  system  stability  was  developed. 


The  digital  computer  program  written  to  analyze  the  vehicle/load/pilot 
system  was  built  up  using  a  general-purpose  subprogram  designed  to  handle 
matrices  and  polynomials.  In  simplest  terms,  the  computer  program  receives 
a  matrix  description  of  the  total  system,  uses  Cramer's  .rule  to  determine 
required  transfer  function,  factors  the  transfer  function  to  obtain  poles 
and  zeros  of  the  system,  and  plots  the  resulting  information  to  form  a  root 
locus.  Since  the  differences  in  vehicle  responses  between  the  single-  and 
tandem-rotor  helicopter  equipped  with  SAS  are  not  significant  for  analyzing 
the  sling-load  dynamic  problem,  the  tandem-rotor  helicopter  was  used  as  the 
generalized  helicopter  model.  The  two-point  suspension  system  was  used, 
since  some  limited  flight  results  were  available,  and  the  effect  of  a 
single-point  suspension  system  could  be  estimated  from  the  data  presented 
in  Section  6.3. 


Tha  method  for  generating  the  matrices  which  describe  the  system  is  most 
easily  understood  through  an  example.  Consider  tha  system  diagrammed  In 
Figure  9 . 


Figure  9.  Total  System  Block  Diagram. 


The  total  system  (Indicated  by  the  broken  line)  has  the  input  V  and  the 
output  Y..  The  system  consists  of  the  vehicle  dynamics  with  a  feedback  to 
an  actuator.  The  standard  matrix  description  of  the  vehicle  dynamics  is 
familiar. 
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Incorporating  the  feedback  loop 

f  ■=  2I£1  v 

Q(S)  Y3 

into  the  matrix  equation  yields 


(22) 


(23) 


Hie  determinate  of  A  is  taken  and  factored  to  find  the  roots  of  the  system. 
Cramer's  rule  is  applied  to  the  input  and  output  to  determine  the  zeros  of 
the  system. 

Inertia  characteristics  of  the  8-  by  8-  by  20-foot  container  were  input  in 
the  program  along  with  its  inherent  aerodynamic  characteristics. 

Hie  equations  of  motion  (Tables  IV  and  V),  representing  the  coupled  heli¬ 
copter/sling-load  dynamics,  and  the  helicopter  SAS  and  modeled  roll  and 
yaw  "pilot"  controllers  were  used  for  the  dynamic  analyses. 

The  root  locus  analysis  Included  (a)  pilot  model  gain  and  lead  stabiliza¬ 
tion,  (b)  helicopter  SAS  feedback,  and  (c)  load  feedback. 

Table  VI  summarizes  a  set  of  pilot  model  variations.  A  roll  pilot  con- 

-0  2S 

troller  in  the  form  of  -K  (Tt  S+l)  e  *  was  used,  where  K  is  the  pilot 

p  L  p 

gain  and  T.  is  the  pilot  lead.  For  each  case  studied,  K  was  varied  in 
Lt  P 

the  steps  0.0,  0.05,  0.1,  0.2,  and  0.4.  The  yaw  pilot  controller  was  fixed 

-0.2S 

at  -0.1  (2.5S  +  1)  e  *  .  There  were  eight  vehicle-load  configurations, 

with  three  pilot  lead  variations  and  five  pilot  gains  for  a  total  of  240 
points.  Of  these,  39  were  stable,  although  many  of  these  were  not  neces¬ 
sarily  flyable. 

The  50-knot,  10-foot  cable  cases  were  quite  stable  at  both  C  ■  0.5  and 

C  ■  2.5.  When  the  cable  was  increased  to  100  feet,  approximately  half  of 
°R 
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TABLE  VI.  SUMMARY  OF  PILOT  MODEL  VARIATIONS 


c 

%  "  0*5 

C 

"b 

-  2.5 

Velocity  (knots) 

CL 

tl 

50 

150 

50 

150 

f  Stable 
d it ions 

5 

4 

4 

Marginal  to 
Unstable 

3 

3 

5 

3 

3 

Unstable 

Unstable 

Unstable 

10 

10 

10 

0 

1.0 

2.5 

o  a 

o 
•  a 

3 

Unstable 

Unstable 

Unstable 

100 

0 

& 

2 

Unstable 

2 

Unstable 

100 

1.0 

2 

Unstable 

Unstable 

Unstable 

100 

2.5 

the  points  were  stable  at  a  C  =  0.5.  At  the  high  C  all  cases  were  un- 

%  \ 

stable  except  two  points  at  a  pilot  lead  of  T^  ■  0.2.  The  150-knot  cases 
were  all  unstable  except  u  *  0.5. 


It  should  be  noted  that,  while  high  speed  and  a  long  cable  always  decreased 
stability,  pilot  lead  sometimes  helped  and  sometimes  hurt  stability. 

The  high-speed,  high  C  case  was  picked  as  a  worst  case  for  further  inves- 

"b 

tigation,  with  poor  results.  Both  helicopter  feedback  and  load  parameter 
feedback  were  tried  to  stabilize  this  case.  Differential  cable  angle  and 
rate  were  fed  back  to  the  helicopter  rudder,  and  total  cable  angle  and  rate 
were  sent  to  the  helicopter  roll  control.  The  pole-zero  combination  was  so 
bad  that  the  stabilization  attempt  usually  led  to  an  improvement  in  one  set 
of  poles  at  the  expense  of  another. 

It  was  concluded  that,  while  further  attempts  would  probably  result  in  a 
theoretically  stable  helicopter,  it  would  not  be  flyable. 

The  analysis  was  continued  with  the  approach  of  Section  12. 

Table  VII  summarizes  the  dynamic  analysis  cases.  For  cases  1  through  24, 
a  C  =  0.5/rad  was  used;  for  cases  25  through  48,  C  “  2. 5/rad.  The  even- 

numbered  cases  cover  the  area  near  the  origin  in  expanded  scale. 
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TABLE  VII.  SUMMARY  OF  DYNAMIC  ANALYSIS  CASES 


1 

Velocity 

y  (knots) 

CL 

a 

50 

150 

50 

150 

BSP 

13,14 

25,26 

37,38 

10 

0 

• 

o 

15,16 

27,28 

39,40 

10 

1.0 

95 

4) 

E&l 

17,18 

29,30 

41,42 

10 

2.5 

OS 

3 

19,20 

31,32 

43,44 

100 

0 

ESI 

21,22 

33,34 

45,46 

100 

ESI 

23,24 

35,36 

m 

100 

Note  that,  in  general,  high  roll  controller  gain  around  0.4  or  higher  will 
lead  to  inatabilityi  100>£oot  cable  length  caaea  are  leas  a table  than  10- 
foot  cable  length  caaea;  the  lower  C  cases  are  easier  to  stabiliae  than 

the  cases  with  high  C  .  Such  results  have  been  validated  and  substantiated 

% 

by  flight  simulation. 

Figures  10  through  14  are  root  locua  plots  for  cases  5,  6,  17,  29,  and  41. 


4.4  OPTIMAL  CONTROL  ANALYSIS 


The  lateral  equations  of  motion  were  converted  to  state  variable  form  and 
checked  to  see  that  they  gave  the  same  solution  as  the  derived  equations. 
These  equations  were  input  to  Northrop's  FORTRAN  Automatic  Synthesis 
Program  (FASF).  The  program  is  a  FORTRAN  version  of  the  NASA  Automatic 
Synthesis  Program.  The  equations,  control  inputs,  and  performance  index 
are  input  to  the  program  which  sets  up  the  Rlccati  equation  and  solves  for 
the  optimal  gains. 

Many  performance  indexes  were  tried  to  reduce  certain  gains,  and  ratios  of 
control  power  allocated  to  the  rudder  and  aileron  were  used  to  minimize 
the  total  workload  on  the  helicopter.  The  results  are  presented  in 
Section  12. 
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Figure  10.  Root  Locus  Plot  for  Case  5. 
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Imaginary 
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Figure  11.  Root  Locus  Plot  for  Case  6. 
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Imaginary 


Figure  12.  Root  Locus  Plot  for  Case  17. 


i 
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Imaginary 
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4.5  HELICOPTER  FLIGHT  SIMULATION 


A  typical  tandem  helicopter  was  used  as  a  model  for  checking  out  the  program, 
using  all  the  vehicle  characteristics  provided  by  Boeing/Vertol.  Complete 
helicopter  logitudinal,  lateral,  and  directional  stability  augmentation 
systems  were  incorporated.  Both  step  and  pulse  control  Inputs  in  longitudi¬ 
nal,  lateral,  and  rudder  control  were  applied  to  the  tandem  helicopter  at 
flight  speeds  of  50,  100,  and  150  knots.  The  output  dynamic  responses  cor¬ 
relate  closely  with  known  results  of  the  CH-47  helicopter.  The  coupled 
he licopter/s ling- load  dynamic  equations  of  motion  were  also  programmed  and 
simulated. 

Figure  15  is  a  strip  chart  recording  of  a  typical  flight  simulation  (Run 
No.  62,  at  50  knots,  with  longitudinal  control  input  of  1-inch  pulse). 

A  complete  set  of  simulation  charts  is  presented  in  Appendix  III. 


4.6  FLIGHT  SIMULATION  OF  HELICOPTER/ SLING -LOAD  DYNAMICS 

Flight  simulation  of  the  he  licopter/s ling- load  dynamics  was  conducted  to 
validate  and  substantiate  the  analytical  results.  The  simulation  results 
(Figures  16  through  27)  show  good  agreement,  in  that  cases  which  were  pre¬ 
dicted  to  be  stable  showed  heavily  damped  oscillations  in  the  simulation, 
and  cases  that  were  predicted  to  be  unstable  showed  divergent  oscillations 
in  the  simulation.  Cases  166  and  172  represent  flight  configurations  with 
sling  load  but  without  aerodynamic  forces  and  moments  on  the  load  for 
speeds  of  50  and  150  knots.  Cases  168,  171,  173,  and  174  correspond  to 
cases  5,  29,  17,  and  41,  respectively,  of  Section  4.3.  The  root  locus 
shows  a  little  damping  for  cases  5  and  29.  Case  17  has  almost  no  damping. 
Case  41  is  unstable.  The  traces  from  the  simulator  have  the  same  charac- 


teristics. 

The  roll  and  yaw  controllers  are; 

1 

o 

• 

o 

Ln 

-n 

(2.5  S+l)  '  and 

-0.1 

(2.5  S+l)  "°,2S 

The  scales 

for  the  analog  tracings  are  as  follows: 

Per  Line 

6lat 

Lateral  control  deflection 

0.1  in. 

5rud 

Rudder  control  deflection 

0.1  in. 

0 

Helicopter  roll  acceleration 

1  deg/sec2 

0 

Helicopter  roll  rate 

0.5  deg/sec 

0 

Helicopter  roll  angle 

0.5  deg 

V 

Helicopter  yaw  acceleration 

1  deg/sec2 
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• 

* 

Helicopter  yaw  rate 

1  deg/sec 

♦ 

Helicopter  yaw  angle 

1  deg 

V 

i 

Load  £ront  cable  roll  angular  acceleration 

5  deg/aec 

*2 

Load  front  cable  roll  angle 

5  deg 

•  • 

‘3 

Load  rear  cable  roll  angular  acceleration 

5  deg/sec 

*3 

Load  rear  cable  roll  angle 

5  deg 

•  • 

*4 

Load  roll  acceleration 

5  deg/sec 

*4 

Load  roll  angle 

5  deg 

2.5  in 


Time  (seconds) 

Figure  15.  Helicopter  Flight  Simulation  --  Run  62. 
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Figure  17.  Flight  Sioiu  let  ion  of  He  licopter/S  ling -Load  Dynamics 
Case  166  (B). 
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Time  (seconds) 


Figure  18.  Flight  Simulation  of  Helicopter/Sling-Load  Dynamics 
Case  172  (A), 
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Tima  (aeconda) 


Figure  21,  Flight  Simulation  of  He licopter/Sling-Load  Dynamics 
Case  168  (B). 
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Figure  23.  Flight  Simulation  of  Helicopter/Sling-Load  Dynamics 
Case  171  (B). 
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Figure  26.  Flight  Simulation  of  Helicopter/Sling-Load  Dynamics 
Case  174  (A). 
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2.3  lo 


Figure  27.  Flight  Simulation  of  Helicopter/Sling-Load  Dynamics 
Case  174  (B). 
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5.0  AERODYNAMIC  EFFECTS  OF  FLOW  FIELD  ON  THE  SLING  LOAD  IN  HOVER  FLIGHT 


This  section  examines  the  aerodynamic  effects  of  the  flow  field  on  the 
sling  load  in  hover  flight. 

The  vertical  velocity  component  of  the  hovering  rotor  flow  field  was  ob¬ 
tained  by  idealizing  the  test  data  of  Reference  8.  This  section  presents 
the  slipstream  dynamic  pressure  as  a  function  of  radial  location  r/R  and 
vertical  location  Z/R  in  the  rotor  field,  and  this  data  was  reduced  to  the 
velocity  distribution.  The  data  was  plotted  and  the  somewhat  idealized 
velocities  of  Figure  28  were  obtained.  The  data  indicated  that  at  the  rotor 
disc  the  velocity  variations  with  r/R  were  approximately  linear  with  a 
steady  decay  of  the  velocity  near  the  tip  with  Z/R  and  an  increase  of 
velocity  near  the  center  of  the  rotor. 

This  data  was  for  a  rotor  with  a  disc  loading  of  1.93.  To  obtain  the 
vertical  velocity  field  for  a  rotor  of  arbitrary  disc  loading,  the  data  was 
generalized  by  replacing  the  velocity  of  the  ordinate  with  the  parameter 

1/2 

velocity/ (disc  loading).  This  permits  the  estimation  of  the  hovering 
velocity  field  for  a  helicopter  of  any  disc  loading,  assuming  that  a 
similar  blade  loading  exists. 

For  the  purposes  of  this  study,  estimates  of  the  tangential  velocity  were 
made  by  assuming  that  at  the  rotor  disc,  both  the  normal  and  tangential 
components  of  velocity  were  linear  functions  of  the  radial  location.  By 
considering  the  flow  of  mass  through  the  rotor  blade  and  using  the  above 
assumptions,  it  is  possible  to  express  the  thrust,  T,  and  the  torque,  Q,  in 
terms  of  the  vertical  and  tangential  velocities,  U^,  and  V^,  respectively, 
as 


and 


4 

2  np  — UT  VT  dr 
R 


(24) 


(25  > 


which  can  be  integrated  to  give  a  relationship  between  U 


T 


and  VT 


as 


h  -  5/4  ycT  (26) 
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where  and  Cg  are  the  thrust  and  torque  coefficients,  P  the  air  density, 
and  R  the  rotor  radius. 

This  relationship,  together  with  Figure  28,  permits  a  rotor  velocity  field 
to  be  estimated  for  an  arbitrary  rotor  if  it  is  further  assumed  that  the 
radial  component  of  velocity  is  zero.  Zn  the  absence  of  test  data,  it  is 
not  possible  to  estimate  the  accuracy  of  the  tangential  velocity  component 
obtained. 

From  the  above  information,  loads  were  worked  out  for  three  of  the  slung 
helicopter  loads,  the  8-by-8-by-20-foot  container,  the  8-by-8-by-40- f oot 
container,  and  the  command  post  carrier.  The  helicopter  characteristics 
used  were  as  follows: 


Rotor  diameter 
Thrust 
Tipspeed 
Horsepower 


92  feet 
76,000  pound b 
700  feet/second 
13,000 


The  loads  were  located  at  a  Z/R  of  0.326  or  approximately  15  feet  below  the 
rotor  disc  and  were  evaluated  at  three  radial  locations  and  at  different 
yaw  angles.  The  results  obtained  are  shown  in  Table  VIII. 
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TABLE  VIII.  LOAD  EVALUATION 


Configuration  Z/R  r/R 


Container 

8x8x20 


Container 

8x8x40 


Command 
Post  Carrier 


L 

(lb) 

m 

(ft-lb) 

y 

(lb) 

(ft-lb) 

-  79.0 

0.0 

0.0 

19.0 

-  882.8 

-  3626.1 

26.2 

91.4 

-  871.7 

-  2815.8 

14.4 

64.6 

-  941.7 

0.0 

0.0 

20.2 

-  1178.3 

4251.0 

92.4 

174.1 

-  2130.9 

4549.0 

49.8 

129.3 

-  3171.7 

0.0 

0.0 

19.9 

-  707.2 

0.0 

0.0 

346.9 

-  1589.0 

-18955.5 

44.0 

562.5 

-  1462.5 

-14861.1 

29,6 

457.8 

-  1432.5 

0.0 

0.0 

346.9 

-  2664.0 

-15014.7 

114.2 

1060.4 

-  3500.8 

-16733.5 

68.5 

752.9 

-  4121.0 

0.0 

0.0 

346.9 

-  47.9 

0.07 

-  0.213 

4.55 

-  585.1 

-  1669.3 

13.2 

17.0 

-  585.9 

-  1253.2 

6.9 

13.6 

-  630.4 

0.0 

0,0 

4.5 

-  1406.8 

2400.0 

53.5 

16.5 

-  1656.1 

2014.2 

26.7 

19.1 

-  2225.1 

0.0 

0.0 

4.5 
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6.0  DEFINITION  OF  ACCEPTABLE  AERODYNAMIC  BOUNDARIES 


This  section,  using  the  data  of  preceding  sections,  establishes  the  boun¬ 
daries  of  acceptable  aerodynamic  behavior  for  sling  loads. 


6.1  SENSITIVITY  ANALYSIS  OF  STABILITY  PARAMETERS  AND  RELATED  STABILITY 
BOUNDARIES  FOR  VARIOUS  SLING  LOADS 

The  stability  criteria  were  further  developed.  A  typical  CH-46  tandem 
helicopter  was  used  as  a  model  sling  load.  The  maximum  stable  flight  speed 
for  such  a  sling  load  with  single  sling  configuration  was  as  previously 
established,  about  20  knots.  The  basic  major  CH-46  stability  parameters 
were  then  varied  one  at  a  time  to  analyze  their  sensitivity  and  influence 
on  the  overall  load  stability.  The  major  stability  parameters  varied  were 
the  damping  in  yaw,  drag,  and  side  force  with  respect  to  sideslip  angle, 
static  yaw  stability,  and  the  sling-load  weight.  Other  stability  param¬ 
eters,  such  as  sling  configurations,  sling  cable  length,  relative  load 
vehicle  mass,  and  inertial  characteristics,  were  also  investigated. 

The  sensitivity  of  the  above-stated  stability  parameters,  their  effects  on 
sling- load  stability,  and  boundary  for  stable  maximum  flight  speeds  are 
summarized  in  Figure  29  for  the  typical  CH-46  as  a  sling  load,  where 

Stability  parameter  varied  over  basic  stability  parameter 

Drag  coefficient 

Damping  in  yaw  coefficient 

Weight  of  sling  load 

Side  force  coefficient  with  respect  to  sideslip  angle 


Yaw  moment  coefficient  with  respect  to  sideslip  angle 


Note  that  varying  damping  in  yaw  has  the  same  effect  on  load  stability  as 
varying  weight  of  the  sling  load;  this  is  also  true  for  varying  side  force 
due  to  sideslip  and  static  yaw  stability  characteristics. 

Varying  the  basic  drag  coefficient  does  not  influence  sling-load  stability 
significantly  unless  p/Pbase  exceeds  4.0  or  higher.  Increasing  the  damping 


P/P 


base 


n 

i 

Wt 

C 


"b 
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CH-46  Sling  Load 


Figure  29.  Sensitivity  of  Stable  Maximum  Flight  Speed  With  Respec 
to  Various  Stability  Parameters. 


in  yaw  or  the  load  weight  by  three  times  could  improve  the  stable  maximum 
flight  speed  to  40  knots,  an  increase  by  a  factor  of  two.  Load  stability 
is  shown  to  be  very  sensitive  to  side  force  due  to  sideslip  angle  and  static 
yaw  stability  of  the  load.  Decreasing  to  one-half  of  its  original  basic 
value  could  improve  the  maximum  speed  by  10  knots.  Reducing  the  and  Cn 

to  one-tenth  of  its  basic  value  could  enable  the  CH-46  as  a  sling  load  to  be 
carried  at  very  high  speed.  The  establishment  of  stability  boundaries  and 
sensitivity  analysis  for  other  sling- load  configurations  is  shown  in  later 
sections. 


6.2  STABILITY  BOUNDARIES  OF  HELICOPTER  SLING  LOADS 

Figures  30  through  35  show  Routh’s  parameter  for  various  airspeeds  as  a 
measure  of  the  CH-46  load  stability.  These  values  of  "R"  are  given  for 
certain  fixed  values  of  the  stability  derivatives  as  a  function  of  three 
different  cable  lengths  in  each  plot. 

The  graphs  clearly  show  that  the  longer  the  cable,  the  lower  the  airspeed 
at  which  system  instability  begins.  In  some  cases  the  sign  of  Routh's 
parameter  changes  twice,  indicating  that  there  is  a  certain  band  of  air¬ 
speeds  in  which  the  system  is  either  stable  or  unstable.  Also,  the  system 
is  as  sensitive  when  changing  the  cable  length  from  10  to  25  feet  as  it  is 
when  making  the  much  larger  change  from  25  to  100  feet.  This  shows  that 
small  changes  at  the  shorter  cable  lengths  are  the  most  critical. 

Table  IX  shows  the  effects  of  various  stability  values  and  cable  lengths 
on  the  airspeed  at  which  instability  first  occurs.  In  the  case  where  all 
three  derivatives  have  their  nominal  value,  and  the  cable  length  i s  25  feet, 
this  instability  occurs  at  19  knots.  This  means  that  this  is  the  maximum 
airspeed  at  which  the  load  can  be  carried. 

Referring  to  Figures  32,  30  and  31,  where  C  is  0.5,  1,  and  4  times  the 

nominal,  it  is  seen  that  as  C  is  reduced  in  value,  the  airspeed  at  which 

the  load  can  be  carried  increases.  Therefore  it  appears  desirable  that  this 
derivative  be  reduced  to  a  value  as  small  as  possible.  Physically  this 
might  be  accomplished  by  adding  a  dummy  fin  to  the  CH-46  load  in  such  a  way 
that  the  vertical  stabilizing  surfaces  on  the  front  and  rear  of  the  heli¬ 
copter  load  are  approximately  equal.  If  this  is  done,  then  the  values  of 

the  other  two  derivatives  (C  and  C  )  will  increase.  Table  IX  shows 

n  yQ 

r  p 

these  various  "add  fin"  cases  for  different  cable  lengths  and  derivative 
values . 
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Comparing  case  1  and  case  6,  for  the  same  cable  length  of  25  feet,  it  is 
seen  that  this  method  increases  the  airspeed  at  which  the  load  can  be 
carried  from  19  to  70  knots. 

It  was  shown  above  that  decreasing  the  cable  length  alone  is  stabilizing. 
Case  2  shows  an  "add  fin"  case  in  wich  reducing  the  cable  length  to  20 
feet  Improves  the  maximum  airspeed  to  80  knots.  Further  decreasing  the 
cable  length  to  10  feet  (case  4)  allows  a  further  improvement  to  125  knots. 
This  method  of  decreasing  C  by  some  physical  means  appears  very  promising, 

and  will  be  the  subject  of  further  research. 


Referring  to  Figures  30  and  33,  where  C  is  0.5,  1,  and  4  times  the 

y3 

nominal,  it  is  also  seen  that  when  this  derivative  is  reduced  in  value  the 
airspeed  at  which  the  load  can  be  carried  Increases. 


To  decrease  C  physically,  however,  appears  to  be  a  much  more  difficult 

% 

task  than  to  make  a  comparable  decrease  in  C  .  Therefore  the  latter  ap- 


proach  will  be  emphasized,  and  in  view  of  the  results  obtained  so  far  appears 
to  be  very  promising. 
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10  x  160 
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Figure  31.  Stability  Boundaries  of  Helicopter  Load--Effect  of  4  x  C  Nominal  (0.068) 
and  Variable  Cable  Lengths.  ng 


and  Variable  Cable  Lengths 


TABLE  IX.  EFFECTS  OF  VARIOUS  STABILITY  VALUES  AND  CABLE  LENGTHS  ON  AIRSPEED 
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6.3  DETERMINATION  OF  STABLE  FLIGHT  SPEEDS  FOR  THE  SELECTED  HELICOPTER 
SLING  LOADS 


The  following  sling  loads  were  investigated  as  part  of  the  load  stability 
analysis  based  on  the  methods  developed  earlier  in  the  study. 


8- by-8-by  -20-  foot 

8-by-8-by-20-  foot 

8-  by-8-by-40- foot 

8-by-8-by-40-foot 

Truck 

Tank 

Carrier 

VH-34  Helicopter 
F-5  Aircraft 
OV-1  Aircraft: 


Box  (  5,000  pounds) 
Box  (20,000  pounds) 
Box  (  5,000  pounds) 
Box  (20,000  pounds) 


Three  cable  lengths  were  used:  10,  25,  and  100  feet.  Both  one-  and  two- 
point  suspensions  were  employed,  as  well  as  an  optional  10-foot-diameter 
stabilizing  parachute.  Two  different  values  of  the  C  stability  deriva- 

tives  were  used  to  determine  the  effects  on  the  system. 

Analysis 

In  general,  it  was  found  that  the  shorter  the  cable  length,  the  more  stable 
the  system  became.  In  the  few  cases  where  this  was  not  so,  the  usual 
effects  of  the  shorter  cable  were  overpowered  by  other  variables  which  were 
changed  in  the  system. 

The  two-point  load  suspension,  as  would  be  expected,  was  considerably  more 
stable  than  the  single-point  system.  In  many  cases,  merely  going  to  the 
two-point  arrangement  was  enough  to  greatly  increase  the  stable  airspeed  of 
the  system.  This  is  one  of  the  most  significant  improvements  that  can  be 
made  for  all  types  of  loads. 

Various  sizes  of  stabilizing  parachutes  were  tried  before  it  was  finally 
decided  that  a  10- foot- diameter  chute  was  the  best  compromise  for  all  loads. 
Use  of  the  parachute  gave  the  most  marked  improvement  in  the  single-point 
suspension  case. 

It  was  found  during  the  investigation  that  stability  increased  when  the 

value  of  C  was  made  smaller.  This,  in  general,  held  true  for  all  loads 
n 

3 


72 


II-IIJU.  JU11.1 1  !L  U^l 'ILl*.  I ' 


and  all  cable  lengths.  This  effect  alone  was  in  most  cases  sufficient  to 
give  a  marked  Improvement  in  system  stability. 

Each  type  of  load  is  now  considered  individually,  and  the  important  factors 
which  affect  stability  are  pointed  out.  Tables  X  through  XVII  present  the 
flight  conditions  and  maximum  stable  airspeeds  for  each  load. 

BOX 

For  the  5, 000-pound  case,  the  greatest  stability  is  achieved  with  two- 
point  suspension  and  a  low  value  of  . 

For  the  20,000-pound  case,  the  largest  improvement  also  results  from 
two-point  suspension  and  a  low  value  of  CR  .  With  single-point  suspen- 

0 

slon  plus  a  chute,  one  case  is  found  where  the  100-foot  cable  shows 
more  stability  than  the  shorter  lengths.  Adding  a  chute  in  other  cases 
shows  narrow  bands  of  Instability  with  an  Improvement  in  the  overall 
effect. 

Bax  <8-bYzfi’bY-M-,faa£) 

For  the  5,000-pound  case,  the  best  overall  results  are  achieved  with 
single-point  suspension  plus  the  parachute  and  low  value  of  C  ,  A 

3 

speed  of  150  knots  is  obtained  with  two-point  suspension  end  a  10-foot 
cable. 

For  the  20,000-pound  case,  bast  results  come  from  two-point  suspension^ 
and  a  low  value  of  C  .  This  combination  appears  to  be  the  most  effac- 

n0 

tlve  one  for  most  of  the  loads. 

Truck 

Best  results  for  this  type  of  load  come  from  merely  changing  from  one- 
to  two-point  suspension.  This,  by  itself,  will  allow  150  knots  fable 
airspeed  for  both  cable  lengths.  This  type  of  load,  as  with  several 
of  those  to  follow,  is  Inherently  unstable  because  of  the  minus  sign 
of  Cn  .  Fcr  the  single-point  suspension  without  chute,  changing  from 

0 

a  minus  to  a  plus  value  of  Cn  gives  good  results,  with  no  other 

0 

changes  being  necessary. 


Tank 

Best  results  for  the  tank  also  come  from  merely  going  to  a  two-point 
suspension  system.  For  the  single-point  suspension  without  chute, 
using  a  plus  value  of  the  C  derivative  gives  excellent  results. 

ne 

Cariler 

This  is  similar  to  the  two  cases  above,  with  a  two-point  suspension 
giving  decided  improvement.  Again,  the  best  arrangement  for  a  single¬ 
point  suspension  comes  from  using  a  plus  value  of  C  . 


VH-34  Helicopter 

For  single-point  suspension,  a  stable  airspeed  of  150  knots  can  be  ob¬ 
tained  by  either  adding  a  10-foot  chute  or  reducing  the  C  value  to 

nB 

zero.  For  the  two-point  case,  making  C  equal  to  zero  gives  very  good 

n0 

results.  The  inherent  C  of  this  configuration  for  small  sideslip 

n0 

angle  is  essentially  zero.  This  explains  why  such  a  load  could  be 
carried  at  high  speed,  according  to  past  flight  experience. 

F-S  Aircraft 

Carrying  the  F-5  without  the  teil  results  in  a  very  stable  load  for 
both  one-and  two-point  suspension.  When  the  tail  is  added,  the  best 
arrangement  is  single-point  suspension  with  a  10-foot  stabilizing 
parachute. 

Good  results  for  this  type  of  load  are  achieved  by  two-point  suspension 
and  a  small  value  of  C  .  For  the  single-point  case,  adding  a  para- 

"B 

chute  will  greatly  improve  the  stability. 

C9H9llVgl9nS 

Several  types  of  stability  augmentation  for  helicopter  sling  loads  have  been 
discussed.  Among  these  are  two-point  suspension,  stabilizing  parachutes, 
and  changing  the  sign  and  value  of  the  derivative  .  By  using  these 

e 

methods  in  the  proper  combination  for  each  individual  case,  it  is  possible 
to  greatly  improve  the  stability  of  a  given  helicopter  sling  load. 
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Note:  The  physical  meaning  of  the  stability  derivative  C  is  as  follows: 

ne 

oC 


Mathematically, C  is  *  '-n  :  that  is,  the  rate  of  change  of  yawing  moment 
n  jj 

6 

coefficient  with  respect  to  the  sideslip  angle.  Axis  system  and  nomen¬ 
clature  are  shown  in  Figure  36,  Aerodynamic  ally,  it  is  known  to  be  the 

"weathercock  stability."  Aerodynamic  configuration  possesses  weathercock 
stability  if  the  yawing  moment  generated  by  the  sideslip  angle  will  reduce 
the  sideslip  angle. 


Dynamically,  positive  weathercock  stability  means  the  configuration  is 
statically  stable.  It  is  important  to  note  that  in  such  a  complex  multi- 
axis,  multi-mass,  helicopter/  .ing-load  coupled  dynamic  system,  static 
stability  in  one  axis  does  not  ensure  stability  of  the  overall  system. 


75 


XXX 


XXX  XXX  XXX  I  X  X 


TABLE  XII.  TRUCK 


C  -  2.5 

ne 

C  -  0.5 
n 

P 

X 

X 

X 

X 

X 

X 

X 

X 

13,700 

13,700 

13,700 

13,700 


Unstable 

Airspeed 


TABLE  XIII.  TANK 


Weight  Susp 
(lb)  (1  or  2) 


32,000 

32,000 

32,000 

32,000 


Cable 

Lengt 

(ft) 


Unstable  C  =  2.5  C  *  0.5 
Airspeed  ng 


TABLE  XIV.  CARRIER 


19,300 

19,300 

19,300 

19,300 


Susp  Chute 

(1  or  2)  (10-ft) 


Cable  Unstable  C 
Length  Airspeed 
(ft) 


2.5  C  =  0.5 

p 

c 


TABLE  XV.  VH-34  HELICOPTER 


Chute 

Cable 

Unstable 

C  =  2.5 

C  =  0.5 

(10-ft) 

Length 

Airspeed 

n 

P 

n 

0 

(ft) 

0 

10 

80 

X 

100 

25 

X 

0 

10 

150 

X 

100 

150 

X 

0 

10 

150 

X 

100 

50 

X 

0 

10 

150 

X 

100 

150 

X 

1 

10 

150 

X 

100 

150 

1 

X 

1 

11,000 

11,000 

11,000 

11,000 

11,000 


TABLE  XVI.  F-5  AIRCRAFT 

Susp 

Chute 

1 

Unstable 

C  -  2.5 

C  «  0.5 

EE9 

(1  or  2) 

(10-ft) 

1 

Airspeed 

n0 

n3 

w 

'  Wm 

11,000 

1 

0 

10 

150 

X 

100 

150 

X 

11,000 

1 

0 

10 

100 

X 

100 

30 

X 

11,000 

2 

0 

10 

150 

X 

100 

150 

X 

11,000 

2 

■ 

10 

150 

X 

100 

50 

X 

11,000 

1 

1 

10 

150 

X 

100 

125 

X 

TABLE  XVII.  0V-1  AIRCRAFT 

I 

Su8p 

BUM 

Unstable 

C  -  2.5 

C  -  0.5 

mm 

(1  or  2) 

Kaa  j 

Length 

Airspeed 

nB 

n3 

■n 

■HH 

11,000 

1 

0 

10 

1 

X 

100 

X 

11,000 

1 

0 

10 

■WSMB 

X 

100 

70 

X 

11,000 

2 

0 

10 

150 

X 

100 

50 

X 

11,000 

2 

0 

10 

150 

X 

100 

100 

X 

11,000 

1 

l 

10 

125 

X 

100 

100 

X 

80 


X,  Y  Body  Axes  of  Helicopter  Sling  Load 

V  Free  Stream  Velocity 

m 

3  Sideslip  Angle 
C  Yawing  Moment  Coefficient 

"  _ Yawing  Moment _ _ _ 

■  (Dynamic  Pressure) (Reference  Area) (Reference  Length) 

Figure  36.  Stability  Derivative. 
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7.0  CURRENT  TECHNOLOGY  REVIEW 


This  section  reviews  the  applicability  or  deficiencies  of  certain  current 
load  stabilization  technology. 

Figure  37,  showing  the  effects  of  25-foot  stabilizing  parachutes,  indi¬ 
cates  the  increasing  stability  of  the  system  with  increased  number  of 
chutes  for  a  CH-47  helicopter  to  be  carried  as  a  sling  load.  Going  from 
one  chute  to  two  reduces  the  band  of  instability.  When  three  chutes  are 
used,  the  instability  region  is  greatly  narrowed. 

There  are,  however,  several  disadvantages  to  using  parachutes  as  a  stabi¬ 
lizing  device: 

1.  Figure  37  shows  regions  of  instability  for  one  to  three  para¬ 
chute  cases.  Passing  through  these  unstable  airspeed  regions 
may  result  in  dangerous  oscillations  in  the  load.  Even  the 
three-chute  configuration  has  a  large  unstable  speed  regime. 

2.  Considerable  drag  is  added  by  the  use  of  chutes,  which  means 
that  additional  power  is  required  by  the  towing  helicopter  with 
a  consequent  decrease  in  performance. 

3.  Reports  from  pilots  in  Vietnam  indicate  that  rigging  drogue 
chutes  to  a  load  is  difficult  and  time-consuming,  and  can  be 
dangerous  in  a  combat  situation.  Therefore,  it  would  be  highly 
desirable  to  stabilize  the  load  by  some  means  other  than  the  use 
of  drogue  parachutes. 

Spoilers  and  fins  can  be  added  to  some  loads  to  change  certain  aerodynamic 
derivatives.  C  can  be  changed  by  addition  of  fins  or  sometimes  by  a 

change  in  the  trim  attitude  of  the  load.  Some  aircraft  are  currently  being 
carried  with  the  tail  removed  to  lower  C  .  When  better  criteria  for 

"P 

stability  are  developed,  passive  devices  such  as  fixed  fins  and  spoilers 
can  contribute  to  carrying  many  loads. 

Operational  procedures  are  being  developed  to  carry  certain  loads.  A 
review  of  operational  procedures  has  shown  a  wide  variety  of  carry  speeds 
for  the  same  loads,  reflecting  limited  experience  and  confidence  in 
carrying  sling  loads. 

Load  sensors  have  not  been  developed  much  beyond  the  conceptual  stage. 

Most  aircraft  sensors  are  not  directl'  adaptable  to  load  use  because  they 
give  absolute  measurements,  rather  than  measurements  relative  to  the 
helicopter.  Rate  sensors  are  generally  usable;  however,  much  develop¬ 
ment  is  needed  in  position  and  cable  angle  sensors. 
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8.0  FORMULATION  AND  DEVELOPMENT  OF  CONCEPTUAL  LOAD  STABILIZATION  SYSTEMS 


Five  conceptual  load  stabilization  systems  are  described  below.  Each  of 
the  five  approaches  was  selected  because  it  supplies  the  basic  information 
necessary  to  stabilize  the  load.  Each  should  satisfy  the  load  stabiliza¬ 
tion  requirements.  It  is  expected  that  they  will  differ  significantly  in 
performance  and  cost.  Performance  and  cost  were  not  studied  beyond  the 
depth  reported  herein.  Comparative  analyses  and  trade-offs  were  con¬ 
sidered  to  be  beyond  the  scope  of  this  study. 

Subsection  8.1  describes  j  concept  that  uses  gyros  mounted  on  a  load  beam 
and  controls  aerodynamic  surfaces  on  that  beam.  Subsection  8.2  describes 
a  similar  concept  in  which  the  load  rate  information  is  fed  to  the  heli¬ 
copter  SAS  for  control.  Subsection  8.3  describes  an  infrared  sensor  dis¬ 
play  system  that  gives  the  pilot  information  on  the  load  position.  Sub¬ 
section  8.4  describes  an  infrared  sensor  system  that  is  connected  to  the 
helicopter  SAS  for  control.  Subsection  8.5  describes  a  system,  similar  to 
that  in  8.4,  that  uses  a  gimbaled  IR  sensir. 


8 . 1  AERODYNAMIC  LOAD  STABILIZATION  WITH  RATE  SENSORS  AND  VANE  CONTROL 

MOUNTED  ON  BEAM 


The  aerodynamic  control  technique  consists  of  three  axes  of  rate  informa¬ 
tion  coupled  to  three  axes  of  moving  surface  stabilization,  all  fixed  to  a 
beam  which  is  immediately  above  the  load.  The  beam  is  required  to  move 
with  the  load  and  thus  must  provide  for  a  three-  or  four-point  attachment 
with  minimum  separation  between  the  two. 

One  type  of  sensor  package  suitable  for  this  application  is  two  dual  axis 
rate  transducers  (DART)  mounted  with  their  associated  electronics  and  a 
rechargeable  battery.  The  DART  is  a  small,  lightweight,  rugged  sensor 
capable  of  operation  at  wide  temperature  ranges  (-65°F  to  +200°F)  and  high 
shock  environments  (lOOg  continuous  and  300g  for  3  milliseconds),.  The 
DART  has  a  rate  threshold  of  0.01  degree/second  and  a  maximum  rate  output 
(selectable  by  resistor)  of  ±  20  to  ±  300  degrees/second,  with  the  full- 
scale  output  ±  5  volts  dc.  The  3-ounce,  1-cubic-inch  sensor  requires  only 
4.3  watts  power  for  the  spin  motors  and  internal  electronics.  Assuming  an 
efficiency  of  70  percent  in  the  spin  motor  power  supply  and  available 
battery  power/weight  ratio  of  12  waft-hour s/pound,  the  battery  requirement 
would  be  less  than  0.5  pound/hour  of  operation  per  sensor  or  1.0  pound/hour 
for  a  three-axis  package  with  redundant  yaw  outputs. 

The  unit,  rigidly  mounted  to  the  beam,  would  contain  batteries,  two  DARTS, 
a  spin  motor  power  supply,  a  battery  status  indicator  and  an  on/off  switch. 
Thirty  seconds  after  turn-on  the  spin  motors  are  up  to  speed  and  the  unit 
is  ready  to  provide  signals  to  the  beam  control  surface  motor  drivers. 

The  control  system  would  consist  of  a  fixed  rear-mounted  vertical  stabili¬ 
zer  for  directional  load  orientation  with  a  control  rudder  and  tab  for 
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dynamic  load  damping  about  yaw.  Near  the  vertical  stabilizer  would  be  a 
horizontal  stabilizer  with  control  elevators  and  tabs  for  dynamic  pitch 
and  roll  load  damping. 

Fluidic  control  using  ram  air  is  also  a  possibility  for  study,  since  load 
stability  at  low  speed  is  not  as  critical  as  at  the  higher  speeds,  where 
ram  air  pressure  would  become  available  to  drive  the  tabs. 

The  yaw  gyro  output  will  be  scaled  and  compensated,  then  coupled  to  the  yaw 
tab.  The  gyro  outputs  will  be  scaled  for  a  maximum  value  in  the  area  of 
30  degrees/second.  The  pitch  and  roll  r/'te  outputs  will  be  scaled,  compen¬ 
sated,  and  combined  so  that  pitch  rates  rive  the  horizontal  tabs  in  unison 
and  roll  rates  drive  the  horizontal  tabs  differentially.  An  adjustment  in 
the  compensation  circuit  will  provide  for  trimming  out  any  long-term  rate 
biases . 

Although  the  DART  sensor,  with  its  piezoelectric  pickoff  and  self-contained 
pickoff  electronics,  seems  ideal  for  this  application,  the  conventional 
single-axis  rate  gyro  with  spring  restraint  is  also  suitable.  A  typical 
gyro  in  this  class  is  the  Northrop  GR-G7  with  maximum  output  ranges  of 
±10  degrees/second  to  ±1000  degrees/second,  depending  upon  the  spring  value 
at  construction.  These  units  are  somewhat  heavier,  require  more  spin  motor 
power,  and  also  require  an  excitation  signal  for  the  pickoff  and  demodula¬ 
tion  of  the  output. 

Figure  38  is  a  schematic  of  this  proposed  configuration. 


8.2  SLING  LOAD  STABILIZATION  THROUGH  LOAD  SENSORS  AND  SAS  INPUTS 

This  technique  provides  for  sling-load  stabilization  with  inputs  to  the 
craft  SAS.  A  sensor  unit  would  be  mounted  to  an  intermediate  spreader  beam 
or  to  the  load  directly.  The  two-axis  rotational  rate  sensor  and  single¬ 
axis  accelerometer  would  be  powered  by  a  cable  from  the  craft.  The  cable 
would  be  suspended  from  a  spring-loaded  drum  and  provide  craf t-to-load 
distance  (if  not  otherwise  available)  and  carry  the  sensor  outputs  to  the 
craft.  One  craft-mounted  accelerometer  with  its  input  axis  parallel  to  the 
roll  axis  is  also  required. 

This  system  is  suitable  for  a  load  supported  with  two  cables,  fore  and  aft, 
of  equal  separation  on  the  craft  and  load.  The  load  must  also  be  suspended 
so  that  the  motion  about  the  roll  axis  is  primarily  pendulous  from  the 
craft,  because  the  roll  rate  sensor  will  not  be  able  to  separate  load-only 
roll  and  load-cable  pendulous  rates.  The  tandem  support  will  result  in 
equal  load  pitch  rates  and  craft  pitch  rates;  thus  accelerometers  are  used 
to  detect  pitch  pendulous  motion.  It  is  also  assumed  that  the  craft  has  a 
yaw  rate  output  so  that  the  craft-load  differential  rate  can  be  generated. 

The  accuracy  associated  with  low-cost  rate  sensors  does  not  permit  integra¬ 
tion  to  obtain  position  for  any  long-term  use;  however,  a  representation  of 
dynamic  motion  about  a  bias  can  be  generated  to  about  a  1-  or  2-degree 
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Figure  38.  Rate  Sensor  Aerodynamic  Load  Stabilization. 


accuracy  for  cockpit  display.  Thus,  a  periodic  pitch  motion  of  ±10  degrees 
about  a  bias  windage  angle  of  20  degrees  would  be  displayed  as  ±10  degrees 
about  an  unknown  average. 

The  sensor  package  would  contain  a  rate  sensor  for  the  yaw  (Z)  and  roll 
(X)  axis  and  an  accelerometer  with  its  input  parallel  to  the  X  axis.  The 
rate  sensor  envisioned  is  a  dual  axis  rate  transducer  (DART)  or  two  single¬ 
axis  rate  gyros  of  the  type  noted  in  the  aerodynamic  approach.  The  accel¬ 
erometer  in  the  load  unit  and  in  the  craft  would  be  of  a  class  similar  to 
the  Systron  Donner  431D.  This  sensor  requires  28  volts  dc  (20  milliamperes) , 
as  does  the  DART,  and  both  units  have  dc  outputs,  eliminating  the  need  for 
signal  generator  excitation  signals.  The  4.5-ounce  accelerometer  has  a 
nonHnearity  of  less  than  C.05  percent  of  full  range  (available  from  0.5g 
to  30g) .  The  hermetically  sealed  unit  with  enclosed  electronics  will 
operate  in  temperatures  from  -40°F  to  +200°F. 

As  shown  in  Figure  39,  the  compensated  craft  yaw  (Z)  rate  is  subtracted 
from  the  load  yaw  rate  to  generate  a  differential  signal  needed  for  SAS  in¬ 
put.  The  compensation  removes  the  bias  output  f  am  the  gyros  and  also  will 
not  pass  very  low  rates,  such  as  normal  earth's.  rate  input  to  the  gyros. 

The  differential  yaw  output  is  integrated  for  a  cockpit  display  of  position. 
The  output  is  also  differentiated  for  an  angular  acceleration  input  to  SAS 
with  an  accuracy  of  about  0.03  degree/second^ . 

Tne  DART  roll  (X)  axis  output,  assumed  to  be  due  to  pendulous  motion,  is 
multiplied  by  cable  length  to  generate  a  load  velocity,  relative  to  craft, 
along  the  Y  axis.  The  relative  Y  velocity  signal  is  fed  to  the  SAS  for 
load  disturbance  damping.  The  W  output  is  integrated  for  displa>  of  roll 

X 

pendulous  angle,  0X,and  is  differentiated  for  a  Y  acceleration  output  to 

2 

SAS  of  about  0.08  foot/second  accuracy  for  a  150-foot  cable. 

The  pitch  (Y)  pendulous  acceleration  used  for  SAS  is  determined  by  sub¬ 
tracting  craft  Y  acceleration  from  the  load  X  acceleration,  both  compen¬ 
sated  so  that  biases  are  not  passed.  Thus,  it  is  required  that  only  the 
fore  and  aft  cable  lengths  remain  constant;  any  deviation  from  the  load  and 
craft  not  being  parallel  will  not  be  reflected  as  signal,  although  this 
difference  must  be  reasonably  small  in  order  to  prevent  Z  acceleration  from 
causing  a  significant  differential  output.  The  differential  acceleration 
is  integrated  to  generate  the  X  velocity  term  for  SAS  input.  The  X  veloc¬ 
ity  is  divided  by  cable  length  for  pendulous  velocity  and  integrated  for 
a  display  of  0^. 

8 . 3  IR  SLING-LOAD  DISPLAY  SYSTEM 

A  passive  IR  system  capable  of  displaying  the  sling-load  position  to  the 
pilot  consists  of  one  shock-mounted  receiver  with  a  wide-angle  90-degree 
lens  facing  downward  and  four  sources  mounted  on  the  load  or  on  an  inter¬ 
mediate  beam  just  above  the  load.  (See  Figure  40.) 
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Figure  39.  Load  Stabilization  With  Rato  Sensor  and  Accelerometer 


The  sources  envisioned  are  cesium  iodide  lamps  mounted  in  a  reflector  cavi¬ 
ty  with  about  a  90-degree  scatter.  A  flat  lens  over  the  cavity  is  coated 
with  a  2-  to  2.8-micron  filter.  The  convection  cooled  sources  are  estima¬ 
ted  to  cost  about  $100  each.  Four  sources  may  be  required,  due  to  the 
cable  length  range  involved;  i.e.,  well  separated  sources  are  required  for 
good  resolution  at  long  distances  but  could  be  outside  the  field  of  view  of 
the  receiver  at  close  range  --  particularly  with  load  sway.  Some  type  of 
drive  sequence  will  be  required  to  define  the  given  sources  at  the 
receiver  —  perhaps  a  single  pulse  from  "A"  source,  a  double  pulse  from  "B" 
source,  etc.,  for  "C"  and  "D".  A  rechargeable  battery  pack  would  provide 
for  an  electrically  cableless  system  and  have  the  added  advantage  of 
helping  ^o  guide  the  pilot  over  the  load  for  sling  attachment. 

The  estimated  power  input  of  200  watts  per  source  would  require  12  pounds 
of  battery  per  hour  per  source  for  a  continuous  source,  but  a  more  reason¬ 
able  value  for  a  pulsed  system. 

A  source  wavelength  of  2  to  2.8  microns  should  provide  an  adequate  signal 
through  the  expected  adversities  of  rain,  3now,  fog,  dust,  smoke,  etc. 

The  receiver  envisioned  is  of  the  rotating  reticle  type  with  a  wide-angle 
lens  of  about  90  degrees.  This  provides  for  about  1  degree  of  accuracy, 
is  capable  of  observing  multiple  sources,  and  is  less  expensive  than  the 
gimbaled  (which  can  only  track  one  source)  or  mosaic  receivers.  A  filter 
is  required  to  reject  background  noise.  The  reticle,  rotating  at  300-900 
rpm,  is  half  composed  of  alternating  radial  segments  of  IR  transparent  and 
opaque  material.  The  other  half  is  composed  of  concentric  alternating 
opaque  on  transparent  segments,  so  that  a  beam  focused  in  this  area  passes 
50  pe  -  t  of  its  energy  to  the  cell  behind  it  —  an  effective  calibration 
value.  During  the  period  the  radial  semicircular  pattern  passes  across  the 
beam,  an  ac  signal  is  generated  which  has  a  peak-to-peak  value  proportional 
to  the  distance  the  beam  is  from  the  center.  The  start  of  the  modulation 
relation  to  the  reference  index  gives  the  azimuth  of  the  beam;  thus  polar 
coordinates  of  the  source  are  generated.  A  centered  beam  gives  no  modula¬ 
tion.  Since  a  calibration  voltage  is  generated  during  each  revolution, 
and  the  modulated  signal  is  demodulated  relative  to  this  value,  no  error 
is  generated  as  a  function  of  distance  or  other  signal  attenuation  as  long 
as  a  detectable  signal  is  present. 

Circuitry  is  required  to  decode  the  sequence  and  convert  the  chopper  output 
to  proper  display  drive  signals,  probably  X  and  Y  coordinate  voltages  if  a 
cathode  ray  tube  (CRT)  is  used  for  cockpit  display. 

A  CRT  display  would  show  the  four  sources  as  dots  on  the  screen,  perhaps 
with  the  front  dot  of  a  higher  brilliance  to  distinguish  the  yaw  angle  of 
the  load  with  respect  to  the  craft.  Pitch  and  roll  angles  of  the  load  up 
to  ±45  degrees  could  be  displayed.  A  reference  circle  on  the  screen 
could  be  compared  with  dot  separation  in  order  to  estimate  load  distance 
from  the  craft  --  a  particularly  useful  value  during  hover  prior  to 
hook-up. 
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8.4  IR  SLING-LOAD  MONITOR  WITH  PITCH  AND  ROLL  LOAD  DISPLAY  AND  PITCH  AND 
ROLL  RATE  INPUT  TO  SAS 

The  IR  active  system  environed  consists  of  a  single  continuous  source  on 
the  load  with  a  single  craft-mounted  receiver  for  detecting  the  position  of 
the  load  with  respect  to  the  craft.  A  review  of  state-of-the-art  rotating 
reticle  receivers  indicates  that  with  cable  lengths  beyond  about  40  feet 
the  yaw  rate  is  no  longer  acceptable. 

The  yaw  resolution  problem  was  considered  for  a  case  where  two  sources  are 
mounted  at  the  extremes  at  a  24-foot  beam;  a  1-degree  accuracy  (3o)  detec¬ 
tor,  a  150-foot  cable  length  and  a  90-degree  field-of-view  lens  are  assumed. 
Under  these  conditions  the  yaw  accuracy  of  a  single  reading  degrades  to 
12.5  degrees.  The  pulse  repetition  rate  with  a  state-of-the-art  900-rpm 
reticle  does  not  permit  averaging  sufficient  points  with  a  tolerable  delay 
to  gain  adequate  accuracy.  At  short  cable  lengths,  the  yaw  accuracy  im¬ 
proves  but  the  problem  of  the  sources  passing  out  of  the  field  of  view  due 
to  load  motion  then  becomes  significant.  If  additional  sources  with  a 
smaller  separation  are  also  attached  to  the  load  or  beam,  then  the  data 
repetition  rate  decreases  for  each  source,  resulting  in  decreased  accuracy. 

If  the  case  of  the  craft  supporting  a  load  with  a  single  cable  is  consider¬ 
ed,  then  yaw  rate  information  to  SAS  is  not  relevant,  since  no  craft  yaw 
torque  is  capable  of  being  transmitted  to  the  load  anyway.  The  system  can 
now  be  optimized  for  providing  the  best  possible  pitch  and  roll  information 
to  SAS  with  the  use  of  one  continuous  source.  (See  Figure  41.) 

The  source  and  detector  units  are  the  same  as  in  the  passive  system,  ex¬ 
cept  that  one  continuous  source  is  considered  with  a  rechargeable  battery 
pack  to  alleviate  the  power  cable  requirement  and  also  provide  information 
to  the  pilot  prior  to  attachment.  The  receiver  output  data  is  averaged 
over  a  period  and  coupled  to  a  display.  The  output  is  also  differenced 
from  the  preceding  average,  divided  by  At  and  multiplied  by  cable  length 
to  generate  the  translational  velocities  required  for  SAS  damping  of  pitch 
and  roll  disturbances. 

The  optimum  data  summation  period  for  SAS  rate  input  would  be  determined  by 
a  computer  simulation.  The  error  is  assumed  to  be  improved  by  1/VK”  when 
n  is  the  number  of  samples  (uncorrelated  data),  but  n  must  be  sufficiently 
small  so  that  the  nAT  delay  in  generating  the  rates  is  manageable.  In  the 
cases  of  sampling  15  points  (1-second  delay)  the  data  is  improved  to  an 
error  probability  of  1/4  degree,  a  rate  error  of  1/4  degree  per  second  (3a), 
and  a  translation  rate  error  of  about  0.6  foot  per  second  (for  150-foot 
cable).  The  error  rate  may  be  acceptable,  but  the  delay  probably  would  not 
be.  Conversely,  a  sample  of  one  point  gives  a  rate  error  probability  of 
39  feet  per  second  (3a)  but  a  delay  of  only  67  milliseconds.  Some  compro¬ 
mise  is  obviously  required  for  error  and  delay  limits,  based  on  the  craft 
and  load  dynamics. 
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Figure  41.  IR  Active  Load  Stabilization 


8.5  GIMBALED  IR  ACTIVE  LOAD  MONITOR  SYSTEM 


The  gimbaled  IR  sling-load  monitor  system  consists  of  two  coded  sources 
mounted  on  the  load  and  two  gimbaled  receivers  mounted  on  the  craft.  Each 
gimbal  set  contains  scan  control  capable  of  initiating  a  search  pattern  at 
turn-on.  The  source  coding  and  receiver  decoding  provides  for  the  acquisi¬ 
tion  of  the  proper  signal.  After  the  receivers  have  locked  on,  the  sling¬ 
load  motion  data  is  derived  from  resolvers  on  each  of  the  gimbals. 

The  near  IR  sources  are  envisioned  as  battery-powered  cesium  iodide  lamps 
with  a  coded  driver  for  each  of  the  two  and  separated  at  about  24  feet  on 
an  intermediate  beam  directly  above  the  load.  The  sources  and  receiver 
filters  could  be  selected  for  a  different  wavelength  as  an  alternate  to  the 
coding  technique. 

The  sling-load  rigging  must  be  such  that  the  beam  moves  with  the  load  and 
also  the  load  motion  must  be  as  near  pendulous  as  possible,  since  the  gim¬ 
bal  readout  will  not  change  with  pitch  or  roll  motion  about  the  load  axes. 

The  receivers  are  two-axis  gimbal-mounted  filter-lens-rotating  reticle  lead 
sulfide  detector  units.  These  units  will  require  only  about  a  5-degree 
fie ld-of-view  lens,  since  they  are  null-seeking  devices;  thus  the  accu¬ 
racy  will  be  improved  over  the  previously  explained  ungimbaled  90-degree 
fie ld-of-view  units.  The  gimbal  readout  angles  should  be  accurate  to  at 
least  1/4  degree  (3a).  In  addition,  the  data  will  be  continuous  and  can 
be  averaged  over  a  period  which  should  be  adequate  for  the  yaw  rate  genera¬ 
tion  required  for  craft  SAS  input  to  effect  yaw  load  damping  with  the  tan¬ 
dem  cable  configuration. 

This  configuration,  as  shown  in  Figure  42,  is  capable  of  providing  three 
axes  of  position  display.  The  pitch  and  roll  position  outputs  are  genera¬ 
ted  as  the  average  of  the  two  inner  and  outer  gimbals,  respectively.  The 
yaw  position  output  is  the  result  of  differencing  the  two  roll  gimbal  out¬ 
puts  and  compensating  for  cable  length.  The  rates  are  the  derivative  of 
these  signals,  which  should  be  relatively  noisefree.  X  and  Y  velocities 
are  generated  as  a  function  of  cable  lengths. 

An  added  advantage  of  this  system  is  that  the  pilot  could  use  the  receiver 
to  help  locate  a  landing  area  where  a  larger  IR  source  is  excited  on  the 
ground.  The  pilot  could  initiate  a  mode  causing  either  receiver  to  scan 
areas  around  the  craft  for  a  brighter  source  and  display  the  source  on  the 
CRT. 
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9.0  COST  ESTIMATION  OF  PROPOSED  LOAD  STABILIZATION  SYSTEM 
Tables  XVIII  through  XXII  present  cost  estimates  for  the  following: 


Table  Figure 

XVIII  Rate  Sensor /Aerodynamic  Load  Stabilization  u3 

XIX  Rate  Sensor  and  Accelerometer  44 

XX  IR  Sling-Load  Position  Display  45 

XXI  IR  Active  Load  Stabilization  46 

XXII  IR  Gimbaled  Load  Monitor  --  Active  47 


The  function  references  in  the  tables  correspond  with  the  key  letters 
appearing  on  the  illustrations,  which  follow  the  tables. 


TABLE  XVIII.  RATE  SENS OR /AERODYNAMIC  LOAD 

STABILIZATION 

Function  Reference 

1-5  Units 

]000  Units 

(Figure  43) 

A 

$  200 

$  150 

B 

75 

5U 

C 

5,000 

1,350 

D 

5,000 

1,350 

E 

35 

20 

F 

50 

30 

G 

50 

40 

H 

35 

20 

I 

35 

20 

T 

15 

10 

K 

15 

10 

L 

60 

40 

M 

60 

40 

N 

50 

40 

0 

50 

40 

P 

21,800 

14,500 

Q  Packaging 

1,000 

600 

R  Cabling 

200 

150 

- . - . -  _  - 

Totals 

$33,730 

$18,460 

| 

I 
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TABLE  Xi: 

K,  RATE  SENSOR  AND  ACCELEROMETER 

Function  Reference 

1-5  Units 

1000  Units 

(Figure  44) 

A 

$  500 

$  400 

B 

500 

400 

C 

25 

lc 

D 

25 

15 

E 

25 

15 

F 

25 

15 

G 

25 

15 

H 

20 

10 

I 

20 

10 

J 

20 

10 

K 

20 

10 

L 

20 

10 

M 

20 

10 

N 

20 

10 

0 

20 

10 

P 

20 

10 

Q 

800 

600 

R 

5,000 

1,350 

S 

60 

40 

T  Packaging 

1,000 

600 

U  Cabling 

200 

150 

Totals 

$8,365 

$3,705 

TABLE  XX.  IR  SLING-LOAD  POSITION  DISPLAY 


Function  Reference 

1-5  Units 

1000  Units 

(Figure  45) 

A 

$  350 

$  200 

B 

8,000 

4,000 

C 

800 

600 

D 

100 

75 

E 

100 

75 

F 

100 

75 

G 

100 

75 

H 

2  50 

150 

I 

250 

200 

J  Packaging 

1,000 

600 

K  Cabling 

200 

150 

Totals 

$11,250 

$6,200 

96 


TABLE  XXI, 


IR  ACTIVE  LOAD  STABILIZATION 


Function  Reference 
(Figure  46) 


E  Packaging 
F  Cabling 


1-5  Units 


$  800 
8,000 
2,000 
400 
1,000 
200 


1000  Units 


Totals 

$12,400 

$7,150 

TABLE  XXII. 

IR  GIMBALED  LOAD  MONITOR  - 

-  ACTIVE 

Function  Reference 

1-5  Units 

1000  Units 

(Figure  47) 

A 

$15,000 

$10,000 

B 

15,000 

10,000 

C 

10 

5 

D 

10 

5 

E 

10 

5 

F 

20 

10 

G 

20 

10 

H 

20 

10 

I 

20 

10 

J 

20 

10 

K 

20 

10 

L 

25 

15 

M 

25 

15 

N 

25 

15 

O 

25 

15 

P 

800 

600 

Q 

100 

75 

R 

100 

75 

S 

50 

30 

T 

50 

30 

U 

250 

200 

V  Packaging 

1,000 

600 

W  Cabling 

200 

150 

Totals 

$32,800 

$21,895 

|  CABLE  i. 


Figure  43.  Rate  Sensor  Aerodynamic  Load  Stabiliza 


CABLE 
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9.1  SELECTED  SLING- LOAD  STABILIZATION  SYSTEM  CONCEPTS 


Various  types  of  helicopter  sling-load  stabilization  system  approaches  have 
been  investigated:  mechanical  multi-cable  system,  mechanical  load  stabilizer, 
structural  loading  fixtures,  passive  and  active  aerodynamic  systems,  drogue 
stabilizer,  and  electronic  stability  augmentation  system.  Mechanical  load 
stabilizer,  passive  aerodynamic  load  stabilization  approach,  and  drogue 
stabilizer  system  all  require  further  study  to  explore  the  applicability  to 
various  load  configurations  and  to  generate  proper  design  mechanization. 

Figure  48  presents  a  system  concept  optimized  for  carrying  the  container 
^ype  of  load.  It  consists  of  a  loading  spreader  fixture  suspended  by  four 
load  cables.  Lateral  adjustment  of  the  loading  spreader  could  be  made  to 
carry  loads  with  various  widths,  and  side  cables  are  used  for  carrying  loads 
with  various  lengths  by  attaching  the  cable  from  the  spreader  arm  to  the 
bottom  corner  fitting  of  the  container.  The  spreader  fixture  could  be 
winched  up  and  fitted  into  the  bottom  of  the  helicopter  fuselage.  Thus  the 
top  surface  of  the  container  is  essentially  flush  with  the  bottom  of  the 
fuselage.  The  box  structure  of  the  spreader  locking  onto  the  fuselage  could 
provide  load  stabilization  in  all  axes.  The  load  is  snug  fitted  with  the 
helicopter,  thus  enabling  the  helicopter  to  fly  at  maximum  power  limited 
speed. 

4 

Various  locking  mechanisms  could  be  worked  out  such  as  shown  in  Figures  49 
and  SO.  In  Figure  49,  an  adjustable  twist- lock  type  of  locking  system  is 
used,  while  in  Figure  SO,  no  locking  is  engaged;  a  retractable  flap  servea 
to  encase  the  load  to  prevent  motion  of  load. 

Figure  51  shows  a  load  stabilization  concept  using  a  stabilizing  cable 
system.  As  shown  in  the  figure,  the  stabilizing  cables  form  a  box  struc¬ 
ture;  thus  load  yaw,  and  longitudinal  and  lateral  pendulum  motion  could  be 
restrained.  This  concept  could  be  applied  to  any  load  configuration  with 
proper  loading  fixtures.  It  could  be  used  for  both  winching  or  nonw.  ichlng 
load  cable  systems. 

In  Figure  52,  the  long  cross-stabilizing  cable  system  is  eliminated,  and  a 
longitudinal  stabilizing  cable  system  is  added.  This  system  provides  inher¬ 
ent  stability  for  the  load.  The  longitudinal  stabilizing  cable  could  also 
be  used  for  active  stabilization  by  a  stabilizing  winch/cable  arrangement. 

A  fore  and  aft  cross-stabilizing  cable  system  provides  yaw  stability.  This 
approach  could  be  applied  to  any  load  configuration. 

Figure  53  illustrates  a  concept  of  load  stabilization  by  an  auxiliary 
cable  system  to  provide  longitudinal  and  lateral  stability.  A  lateral  boom 
on  the  fuselage  provides  added  width  for  increasing  stability.  This  con¬ 
cept  could  be  applied  to  single,  tandem,  or  any  multiple  suspension  cable 
systems.  Through  these  stabilizing  cable  systems,  active  load  stabilization 
could  be  applied.  Adding  a  small  winch  system  to  the  stabilizing  cable 
could  provide  active  load  damping.  Safety  release  systems  for  all  the 
stabilizing  cables  with  high  reliability  could  be  mechanized  without  great 
difficulty.  Since  load  stabilizing  cables  are  not  major  load  carrying 
cables,  they  should  be  considerably  lighter. 
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Figure  48.  Loading  Spreader  Fixture  Suspended  by  Four  Load  Cables. 


Figure  52.  Cable  System  With  Longitudinal  Stabilizing  Cables 


Block  diagrams  shown  in  Figures  54  and  55  represent  the  helicopter  sling¬ 
load  stabilization  augmentation  system  concept  in  longitudinal  and  lateral 
sets.  Preliminary  investigation  indicates  that  such  a  system  approach  is 
very  promising.  Further  study  is  necessary  to  determine  its  effectiveness 
and  practicality.  The  feedback  system  involves  practically  all  the  dynamic 
motion  parameters  of  the  helicopter  and  load.  The  complexity  in  implement¬ 
ing  such  a  system  approach  needs  to  be  carefully  analyzed.  The  effective¬ 
ness  of  the  presented  conceptual  systems  has  been  substantiated  by  flight 
simulation. 

9.2  SYSTEM  TRADE-OFF  ANALYSIS 

Operational  data  concerning  the  frequency  of  lifting  for  various  types  of 
helicopter  sling  loads  by  the  CH-54  helicopter  in  the  Republic  of  Vietnam  is 
presented  in  Table  XXIII.  This  data  obtained  from  the  U.S.Army  was  used  as 
a  base  for  establishing  the  mission  frequency  of  all  the  helicopter  sling 
loads  selected  to  be  studied  in  this  program.  The  given  operational  data 
does  not  include  the  mission  frequency  for  lifting  various  types  of  heli¬ 
copters  and  aircraft.  The  task  of  transporting  helicopters  and  aircraft, 
damaged  or  undamaged,  is  frequently  being  carried  out  by  various  types  of 
helicopters.  The  frequency  of  lifting  the  two  types  of  rotary  wing  air¬ 
craft  and  two  types  of  fixed-wing  aircraft  selected  to  be  studied  in  this 
program  is  assumed  to  be  12  percent  of  the  total  operation.  The  frequency 
of  lifting  the  command  post  carrier,  also  one  of  the  sling-load  configura¬ 
tions  selected  to  be  analyzed,  is  assumed  to  be  2  percent  of  the  total 
operation.  It  is  further  assumed  that  the  lifting  frequency  of  3  percent 
of  the  total  operation  is  equal  among  the  helicopters  and  aircraft  (CH-47, 
VH-34,  F-5  and  OV-1)  selected  to  be  studied. 


TABLE  XXIII,  LIFTING  FREQUENCY  OF  SLING- LOAD 

CATEGORY  LIFTED  BY  CH-54  IN  VIETNAM 

Sling-Load  Category 

Lifting 

Frequency 

Logistics  (e.g.,  8-by-8-by-20-f oot  container 

Artillery  (e.g.,  155mm  howitzer;  Vulcan) 

Engineer  (e.g.,  AVLB  bridge;  bulldozer) 

Transportation  (e.g.,  trucks) 

Armor  (e.g.,  M-551  Sheridan  light  tank) 

Infantry 

51.57. 

23.67. 

18.67, 

5.97. 

0.47. 

0.07. 

The  mission  frequencies  established  for  all  the  selected  sling-load  config¬ 
urations  are  summarized  in  Table  XXIV. 

| 

f 

& 


no 


Figure  54.  Longitudinal  Helicopter/Sling-Load  Stabilization 
System  Block  Diagram. 


Ill 


Figure  55.  Lateral 
System 


He  lie  op ter/ Sling- Load  Stabilization 
ilock  Diagram. 


112 


Nomenclature  for  Figure  55 


a  Angle -of -at tack  of  helicopter 

9  Helicopter  pitch  rate 

9  Helicopter  pitch  angle 

X  Load  pitch  rate 

X  Load  pitch  angle 

F^  Front  cable  perturbed  load 

F^  Rear  cable  perturbed  load 

9  Sideslip  angle  of  helicopter 

• 

<|f  Helicopter  yaw  rate 

\|r  Helicopter  yaw  angle 

4  Helicopter  roll  rate 

0  Helicopter  roll  angle 

$2  Front  cable  roll  displacement  angular  rate 

02  Front  cable  roll  displacement  angle 

0 ^  Rear  cable  roll  displacement  rate 

0^  Rear  cable  roll  displacement  angle 

K  Feedback  gain 

6  Pilot  control  inputs 

P 

6  Lateral  roll  control 

a 

6  Yaw  control 

r 
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J  TABLE  XXIV.  ASSIGNED  MISSION  FREQUENCY  FOR  SLING- LOAD  TYPES  STUDIED 

Sling-Load  Types 

Typical  Model 

Mission 

Frequency 

Container 

8  x  8  x  20 

40% 

Artillery 

Howitzer 

19% 

Engineering 

A VLB  Bridge 

17% 

Cargo  Truck 

M-35 

6% 

Sheridan  Tank 

M-551 

4% 

Command  Post  Carrier 

M-113 

2% 

Tandem-Rotor  Helicopter 

CH-47 

3% 

Single-Rotor  Helicopter 

VH-34 

3% 

Jet  Fighter  Aircraft 

F-5 

3% 

Conventional  Airplane 

OV-1 

3% 

Referring  to  Section  8,  the  S^  active  aerodynamic  load  stabilization 

concept  described  first  is  chosen  as  a  candidate  system;  the  other  system 
concepts  described  are  combined  to  form  S^ ,  the  so-called  electronic  load 

stabilization  system,  with  block  diagrams  presented  in  Figures  54  and  55. 
The  structural  approaches  with  loading  fixtures  described  in  Subsection 
9.1  are  designated  S^. 

If  the  tandem  cable  system  could  not  provide  load  stabilization  at  high 
speed  for  all  types  of  container  configurations,  then  the  structural 
approach  would  no  doubt  prove  cost-effective  when  compared  with  the  other 
two  selected  approaches. 

The  disadvantages  of  the  S^  system  are  its  uncertain  applicability  to 
large  load  configurations  and  its  inflexibility. 

Although  the  S^  system  may  cost  two  to  three  times  as  much  as  the  S^  ,  its 
flexibility  makes  it  the  most  promising  type  of  load  stabilization  system. 
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10.0  METHODOLOGY  FOR  HELICOPTER  SLING- LOAD  STABILIZATION  SYSTEM 

TRADE-OFF  ANALYSIS 


Several  alternative  design  approaches  for  achieving  in-flight  load  stabiliza¬ 
tion  have  been  proposed.  Methodology  for  conducting  system  trade-off  studies 
was  developed  for  evaluating  the  relative  effectiveness  of  the  proposed 
systems.  Various  methods  for  conducting  trade-off  studies  and  cost- 
effectiveness  analyses  were  investigated.  Due  to  the  complexity  of  the 
total  system  and  many  unknown  system  parameters  relating  the  load  stabiliza¬ 
tion  system  to  helicopter  operation,  the  commonly  applied  methodology  for 
conducting  the  trade-off  analysis  by  parameter  rating  and  scoring  did  not 
yield  practical  and  meaningful  indication  of  the  real  value  of  the  proposed 
systems. 


The  methodology  for  conducting  the  trade-off  studies  between  various  design 
approaches  for  this  study  program  is  outlined  in  the  following.  Stabiliza¬ 
tion  system  effectiveness,  operational  effectiveness,  and  total  system 
cost-effectiveness  were  taken  into  consideration. 

Total  system  stability  for  flight  speeds  up  to  150  knots  is  the  single  most 
important  measure  of  system  effectiveness  in  performance.  Maximum  stable 
flight  speeds  were  determined  for  each  system  design  approach  in  carrying 
various  types  of  loads.  Table  XXV  illustrates  the  approach. 

Al,  A2,  A3,  Bl,  and  B2  are  various  helicopter  sling  loads  that  differ  in  mass, 
inertia,  aerodynamic  or  dynamic  characteristics  in  Type  A  or  B  load  category. 
Maximum  stable  flight  speeds,  V  ,  were  determined  for  Systems  I  through  V 
in  carrying  various  loads.  Mission  frequency  in  numbers  of  missions  per 
year,  for  example,  and  average  range  per  mission  were  established.  From 
the  maximum  stable  flight  speed  chart,  mission  data  and  helicopter  opera¬ 
tional  data,  the  cost  data  in  Table  XXVI  was  obtained. 

The  cost  of  each  stabilization  system  design  approach  was  also  established. 
Complexity  and  maintainability  are  reflected  in  the  total  system  costs. 

The  gain  in  investment  (the  cost  savings  for  a  total  mission  derived  from 
the  increase  in  mission  speeds  through  the  use  of  a  load  stabilization 
system)  was  then  determined.  The  real  value  of  various  proposed  stabiliza¬ 
tion  systems  thus  could  be  assessed  in  conjunction  with  the  cost-effective¬ 
ness  of  the  total  system. 
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TABLE  XXVI.  COST  TRADE-OFF  APPROACH 


11.0  SIMULATOR  DEMONSTRATI  QMS 


This  section  describ  s  the  simulators  used  to  validate  the  significant 
analytical  studies  performed,  and  summarizes  the  objectives  and  results  of 
the  demonstrations. 


11.1  FLIGHT  SIMULATION  EQUIPMENT 

The  simulators  used  in  the  demonstrations  are  located  in  the  Northrop 
Aerosciences  Laboratory  in  Hawthorne,  California.  Equipment  includes  the 
large-amplitude  flight  simulator,  the  rotational  three-axis  flight  simula¬ 
tor,  associated  computing  facilities,  and  data  acquisition  and  processing 
systems . 


11.1.1  Large-Amplitude  Flight  Simulator 

The  cockpit,  spherical  screen,  and  projection  systems  are  carried  as  a  unit 
on  the  end  of  a  30- foot  moving  beam  as  shown  in  Figure  56.  The  beam  is 
attached  to  a  single  two-axis  base  gimbal  which  is  supported  by  a  fixed 
pedestal.  Two  electrohydraulic  servos  control  the  vertical  and  lateral 
translation  of  the  beam-mounted  unit  containing  the  cockpit,  screen,  and 
projector.  The  cockpit  is  gimbaled  to  provide  pitch,  roll,  and  yaw  rota¬ 
tions  which  are  controlled  by  electrohydraulic  servos.  Hydraulic  power  is 
provided  by  a  central  source,  3000  psi  hydraulic  supply,  and  distribution 
system. 

Table  XXVII  summarizes  the  motion  system  displacement,  velocity,  and  accel¬ 
eration  performance  characteristics. 

The  motion  system  produces  cockpit  motions  in  precise  phase  and  amplitude 
corresponding  to  the  electrical  motion  system  signals  provided  by  the  com¬ 
puter.  The  purpose  is  to  provide  the  pilot  with  highly  realistic  percep¬ 
tual  cues  related  to  actual  motions  of  the  simulated  aircraft. 


TABLE  XXVII.  MOTION  SYSTEM  CHARACTERISTICS 

Motion 

Displacement 

Peak  No-Load 
Velocity 

Stall 

Acceleration 

Vertical 

±  10  ft* 

±  11.9  ft/sec 

±  2.5g 

Lateral 

±  10  ft* 

±  9.0  ft/sec 

±  1.7g 

Pitch 

±  25° 

±  1.0  rad/sec 

2 

±  2.1  rad/sec 

Yaw 

O 

O 

CM 

+1 

±  1.3  rad/sec 

±  8.4  rad/sec^ 

Roll 

1+ 

N3 

O 

o 

±  1.0  rad/sec 

2 

±  6.5  rad/sec 

*Measured  at 

the  pilot's  eye 
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Figure  56.  Large -Amp litude  Flight  Simulator. 


An  onboard  visual  display  projection  system  utilizes  a  wide-angle,  8-foot- 
radius  spherical  projection  screen.  Tne  major  components  of  the  projection 
system  are  the  earth-sky  projector  and  the  target  projector. 

The  earth-sky  projector  provides  the  pilot  with  a  realistic  visual  repre¬ 
sentation  of  his  outside  environment,  including  a  brown  earth  and  a  feature¬ 
less  blue  sky.  The  earth-sky  projector  is  mounted  in  a  single  multiple- 
axis  gimbal  system  that  allows  the  visual  scene  to  be  rotated  by  servo 
drives  controlled  by  computer  signals,  thus  duplicating  the  motion  produced 
by  the  vehicle  being  simulated.  The  earth-sky  projector  is  shown  in  Figure 
56. 


Target  information,  either  air-to-air,  or  air-to-ground,  is  displayed  on  a 
CRT  located  above  the  pilot's  head.  This  information  is  projected  on  the 
spherical  projection  screen  and  positioned  in  elevation  and  azimuth  by  two 
front  surfaced  mirrors  which  are  rotated  relative  to  each  other  and  to  the 
optical  axis  of  the  incoming  light  beam.  The  elevation  and  azimuth  pointing 
mirrors  control  the  position  of  a  15-degree  f ield-of-view  projection  cone. 
Although  the  primary  purpose  of  the  projector  is  for  air-to-air  simulation, 
it  has  many  air-to-ground  applications.  The  target  projector  is  also  shown 
in  Figure  56. 


Table  XXVIII  summari  zes  the  visual  display  projection  system  displacement, 
velocity,  and  acceleration  characteristics. 


TABLE  XXVIII.  PROJECTION  SYSTEM  CHARACTERISTICS 

Earth-Sky  Projector 

F.O.V.  Horizontal  ±105  degrees 

Vertical  ±90  degrees 

Motion 

Displacement 

Peak  No-Load 
Velocity 

Stall 

Acceleration 

Roll 

Pitch 

Yaw 

Continuous 

Continuous 

Continuous 

9.7  rad/sec 

2.1  rad/sec 

10.0  rad/sec 

36.0  rad/sec^ 

23.0  rad/sec^ 

2 

50.0  rad/sec 

Target  Projector 

F.O.V.  15  x  15  degrees  AR  =  As  Required 

Mot  ion 

Displacement 

Peak  No-Load 

Veloc ity 

Stall 

Acceleration 

Elevation 

Azimuth 

Focus 

Continuous 

Continuous 

AR  ' 

6.0  rad/sec 

6.6  rad/sec 

AR 

38.8  rad/sec^ 

20.9  rad/sec^ 

AR 
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11.1.2  Rotational  Three-Axis  Flight  Simulator 


This  device  was  developed  to  simulate  flight  tasks  requiring  strong  visual 
cues  of  real  work  information  for  the  pilot  --  such  as  V/STOL  takeoff  and 
landing,  air-to-ground  weapons  delivery,  and  general  low-altitude  opera¬ 
tions.  The  external  world  display  is  adapted  from  the  proven  de  Florez 
point  light  source  technique  (separate  display  from  the  one  described  for 
the  large  simulator).  This  simulator  also  provides  a  complementary  capa¬ 
bility  to  the  large-amplitude  flight  simulator. 

The  simulator  hardware  consists  of  a  cockpit,  with  rotational  motion  (±15- 
degree  pitch,  ±15-degree  yaw,  ±15-degree  roll)  and  heave  (±9  inches),  which 
is  located  within  a  12-foot-radius  hemispherical  screen  as  shown  in  Figure 
57.  The  screen  is  fabricated  in  rigid  fiberglass  segments;  the  segments 
are  assembled  for  precise  curvature  and  the  joints  are  sealed.  A  high  qual¬ 
ity,  undistorted  image  presentation  is  the  result.  A  point  light  source 
projection  system  produces  a  continuous -moving,  6-degree-of -freedom,  wide- 
angle  visual  display  to  the  pilot.  The  display  is  presented  with  approp¬ 
riate  perspective,  size,  and  position  relative  to  the  observer,  thus 
simulating  the  visual  world  as  viewed  from  any  desired  position  in  space. 
The  wide  coverage  of  the  visual  display,  both  laterally  and  vertically, 
presents  a  continuous  world  to  either  side  as  well  as  above  and  below  the 
pilot.  Angular  visual  displacements  are  ±20  degrees  in  pitch  and  roll  and 
continuous  in  yaw;  translations  depend  upon  transparency  scale.  Visual  and 
motion  servo  performance  is  designed  to  meet  the  flight  envelope  of  all 
V/STOL  and  conventional  aircraft. 

The  point  source  projection  system  uses  a  very  small,  intense  light  source 
to  project  a  display  object  (such  as  a  transparency  terrain  feature)  onto 
a  screen.  The  image  is  projected  in  color  with  terrain  texture  and  three- 
dimensional  objects  shown.  Alternate  rigid  transparencies  may  be  used  for 
scale  and  display  variation.  Flexible  roll  transparencies  provide  extended 
flight  path  capabilities.  Appropriate  supporting  structure  drives  and 
control  are  used  to  move  the  light  source  and  display-object  relative  to 
one  another.  The  supporting  structure  and  the  drives  and  controls  present 
general  engineering  problems  and  are  not  unique  to  the  point  source  system. 


11.2  DEMONSTRATION  OBJECTIVES 

The  objectives  of  the  flight  simulator  demonstration  were: 

1.  To  simulate  the  helicopter/sling-load  flight  dynamics  with  a  man 
in  the  loop. 

2.  To  demonstrate  the  physics  of  helicopter/sl ing- load  flight  dynamic 
problems . 

3.  To  validate  the  results  of  the  analytical  studies. 
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The  demonstration  made  use  of  a  generalized  helicopter  model  based  on 
CH-47B  flight  characteristics,  with  typical  SAS. 

The  sling-load  model  was  a  typical  8- by- 8- by- 20- foot  container  --  tandem 
cable  configuration. 


11.3  CRITICAL  DYNAMIC  MODE 

The  lateral-directional  modes  were  chosen  for  flight  simulator  demonstra¬ 
tion  due  to  the  following  considerations: 

1.  The  longitudinal  modes  were  decoupled  for  ease  of  flight 
handling  on  the  simulator.  This  made  it  possible  to  demon¬ 
strate  and  prove  the  critical  dynamics  problem.  Non- 

he1  1  copter  pilot  or  non-flyer  would  have  difficulty  flying 
the  simulator  with  all  the  modes  and  load  dynamics  coupled. 

2.  Lateral-directional  modes  are  the  most  critical  flight  dynamic 
modes,  especially  for  high-speed  flight. 

3.  Such  simulation  could  directly  validate  the  analytical  results 
obtained  from  dynamic  modeling  of  the  critical  lateral- 
directional  modes. 


11.4  FLIGHT  DEMONSTRATION  CASES 
The  following  cases  were  simulated: 


1. 

2. 

3. 


Basic  helicopter  with  SAS, 

Basic  helicopter  with  SAS, 

Basic  helicopter  with  SAS, 
dynamics;  V  =  150  knots. 


no  sling  load;  V  =  50  knots, 
no  sling  load;  V  =  150  knots 
sling  load  attached,  without 


load 


aero- 


4.  Basic  helicopter  with  SAS,  typical  sling  loadwith  all  the  aero¬ 
dynamic  characteristics  included  and  C  =  0.5/radian;  V  =  50  knots. 

n3 


5.  Basic  helicopter  with  SAS,  typical  sling  loadwith  all  the  aero¬ 
dynamic  characteristics  included  and  C  =  0.5  radian;  V  =  150 
knots.  nR 


6.  Basic  helicopter  with  SAS,  typical  sling  loadwith  all  the  aero¬ 
dynamics  included  and  C  =  2.5/radian;  V  =  50  knots.  (NOTE: 

n  8 

This  is  not  the  inherent  C  of  the  load;  it  is  used  here  to  study 

n3 

and  demonstrate  its  effect.) 


1 

1 
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7.  Basic  helicopter  with  SAS,  typical  sling  load  with  all  the  aero¬ 
dynamics  included  and  C  =  2.5/radian;  V  =  150  knots. 

ne 


11.5  REMARKS 

1.  Cases  1  and  2: 

a.  No  indications  of  any  problem. 

b.  Very  smooth  in  flying. 

c.  Disturbances  could  be  easily  controlled. 

d.  All  participants  could  handle  the  flight  with  ease. 

2.  Case  3: 

a.  Analytical  results  show  there  should  be  no  problem. 

b.  It  was  demonstrated  that  this  is  so. 

c.  Some  of  the  "pilots"  could  fly  for  short  duration. 

d.  With  some  practice,  it  could  definitely  be  handled. 

3.  Case  4: 

a.  Same  as  2. a. 

b.  Same  as  2.b. 

c.  Duration  of  stable  flight  shortened  compared  to  2.c. 

d.  Disturbance  or  "pilot"  error  could  cause  difficulty  in 
control . 

e.  This  is  all  due  to  lack  of  experience. 

4.  Case  5: 

a.  Analytical  results  show  that  the  system  is  stable  but  the 
stability  is  somewhat  marginal. 

b.  One  "pilot"  could  fly  for  a  short  duration  but  there  is  no 
room  for  error. 

c.  Some  "pilots"  who  did  relatively  well  in  previous  easier  cases 
could  not  handle  this  case. 
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Case  6: 

a.  Same  as  4. a. 

b.  One  "pilot"  had  to  struggle  hard  to  stabilize  the  helicopter. 

c.  Difficulty  in  controlling  is  due  to  marginal  stability  and 
lack  of  piloting  experience. 

6.  Case  7: 

a.  Analytical  results  show  that  the  system  is  unstable. 

b.  Simulator's  results  substantiated  this. 

The  flight  simulations  conducted  in  the  Northrop  flight  simulator  have 
demonstrated  the  physics  of  the  problem. 


11.6  TYPICAL  TIME  RESPONSES  OF  FLIGHT  SIMULATIONS 

Typical  time  responses  obtained  from  the  large-scale  simulator  are  shown  in 
Figures  58  through  61.  These  correspond  to  Cases  5  and  7  as  described  in 
the  preceding  text.  There  are  two  sets  of  tracings  on  each  set,  with  the 
recording  of  eight  variables  for  each  set.  The  recordings  are  described  as 


follows : 

Set  A 

Channel 

Variable 

Scale  (per  i 

1 

6lat’  lateral 

control  deflection 

0.1  in. 

2 

6  ,  rudder  control  deflection 

KUD 

0.1  in. 

3 

•  • 

he licopter 

roll  acceleration 

1  deg/sec^ 

4 

A. 

he licopter 

roll  rate 

0.5  deg/sec 

5 

he licopter 

roll  angle 

0.5  deg 

6 

•  • 

t. 

he licopter 

yaw  acceleration 

1  deg/sec^ 

7 

i, 

he licopter 

yaw  rate 

1  deg/sec 

8 

t, 

he licopter 

yaw  angle 

1  deg 
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Set  B 


Channe  1 

Variable 

Scale  (per  line) 

1 

^LAT’  ^-atera^  contr°l  deflection 

0.1  in. 

2 

6 

RUE 

,  rudder  control  deflection 

0.1  in. 

3 

ro 

load 

front  cable  roll  acceleration 

5  deg/sec^ 

4 

$2’ 

load 

front  cable  roll  angle 

5  deg 

5 

0  0 

5 

3  ’ 

load 

rear  cable  roll  acceleration 

5  deg/sec^ 

6 

$ 

3’ 

load 

tear  cable  roll  angle 

5  deg 

7 

V 

load 

roll  acceleration 

5  deg/sec^ 

8 

V 

load 

roll  angle 

5  deg 

Case  5  (Figures  58  and  59)  is  marginally  stable,  as  predicted  analytically. 
Oscillations  exist  which  the  pilot  cannot  remove.  However,  he  can  prevent 
their  building  up  beyond  acceptable  limits.  It  can  be  expected  that,  with 
greater  experience,  good  pilots  would  eventually  succeed  in  stabilizing 
(damping)  the  oscillations  for  Case  5. 

Case  7  (Figures  60  and  61)  is  definitely  unstable,  as  predicted  analyti¬ 
cally.  Here  the  oscillations  build  up  and  the  pilot  is  unable  to  stop 
their  growth.  Eventually  the  oscillations  reach  unacceptable  limits.  It 
is  doubtful  that  the  pilot  could  gain  enough  experience  ever  to  stabilize 
under  these  conditions,  short  of  reducing  airspeed. 


11,7  FLIGHT  SIMULATOR  VALIDATION 

Programming  for  the  flight  simulation  was  further  refined.  On  July  13th 
and  14th,  1971,  the  chief  project  test  pilot  on  the  Boeing/Vertol  HLH 
program  test  flew  the  Northrop  rotational  flight  simulator,  simulating  a 
typical  tandem-rotor  helicopter  with  sling  load.  His  major  comments  are 
summarized  as  follows: 

1.  Pitch,  roll,  and  yaw  flight  dynamics  of  the  flight  simulator  are 
representative  of  those  of  the  CH-47B  at  both  50  knots  and  150 
knots  flight  speeds. 

2.  Some  pitch  oscillations  occurred  following  input  pulses  apparently 
caused  by  load  at  50  knots  flight  speed  with  a  10-foot  sling.  The 
longitudinal  pendulum  frequency  is  about  right  and  the  pitch  atti~ 
tude  oscillation  is  fairly  representative. 
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3.  At  150  knots  flight  speed,  the  pilot  tends  to  come  into  phase  witVi 
the  pitch  attitude  oscillation,  just  as  he  would  to  the  longitudi¬ 
nal  linear  acceleration. 

I 

4.  One  condition  with  very  stable  weathercock  stability  of  the  load 
at  150  knots  flight  speed  resulted  in  immediate  instability. 

5.  Lag  in  pitch  response  to  longitudinal  control  results  in  a  long 
period  of  divergent  longitudinal  control  oscillation.  This 
situation  was  corrected  on  the  July  14  flight  simulator  testing. 

6.  It  is  recommended  that  the  longitudinal  motion  be  incorporated  in 
the  flight  simulation. 

7.  It  is  desirable  to  incorporate  the  airspeed  sweep  capability  to 
evaluate  the  effect  of  increasing  airspeed  on  the  load  behavior. 
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12 . 0  LOAD  STABILIZATION  SYSTEM  PRELIMINARY  DESIGN  AND  ANALYSIS 


This  section  discusses  the  verification  of  the  preliminary  design  of  the 
candidate  stabilization  system  through  the  use  of  the  moving-base  simulator. 


12.1  DESIGN  ANALYSIS  OF  HELICOPTER  SLING -LOAD  STABILIZATION  SYSTEM 


The  conceptual  black  box  stabilization  system  presented  in  Subsection  9.1 
has  been  synthesized  by  utilizing  a  version  of  the  FORTRAN  Automatic  Syn¬ 
thesis  Optimal  Control  Program  (Reference  9).  The  equations  were  trans¬ 
formed  into  state  variable  equations  so  that  they  could  be  used  in  the 
optimization  program.  All  the  stabilization  system  gains  are  determined 
and  optimized  for  flight  conditions  at  speeds  of  50,  100,  and  150  knots 
(84,  168,  and  253  feet/second).  Due  to  the  extensive  amount  of  work 
required  to  synthesize  and  optimize  the  system,  it  is  not  practical  to 
analyze  and  design  the  load  stabilization  system  to  cover  all  the  selected 
load  configurations.  Reasonable  bounds  of  weathercock  stability  charac¬ 
teristics  of  the  load  are  chosen  to  study  the  variations  of  the  stabiliza¬ 
tion  system  gains.  Three  cable  lengths,  10  feet,  30  feet,  and  50  feet, 
are  considered  in  the  analysis  of  the  system  gains. 

As  shown  in  Table  XXIX,  the  stabilization  system  gains  for  the  proposed 
load  stabilization  system  vary  significantly  with  speed,  weathercock 
stability  characteristics  of  the  load  configuration,  and  sling  cable  length. 
As  an  aid  in  interpreting  the  computer  printout  comprising  Table  XXIX,  the 
mnemonics  used  are  described  below. 


Mnemonic 

VDA 

PHIDA 

PHIDDA 

PSIDA 

PSIDDA 

P2DA 

P2DDA 

P3DA 

P3DDA 


Description 

Gain  from  side  velocity  to  lateral  roll  control 

Gain  from  helicopter  roll  angle  to  lateral  roll 
control 

Gain  from  helicopter  roll  rate  to  lateral  roll 
control 

Gain  from  helicopter  yaw  angle  to  lateral  roll 
control 

Gain  from  helicopter  yaw  rate  to  lateral  roll 
control 

Gain  from  front  cable  roll  displacement  angle 
to  lateral  roll  control 

Gain  from  front  cable  roll  angular  rate  to 
lateral  roll  control 

Gain  from  rear  cable  roll  displacement  angle  to 
lateral  roll  control 

Gain  from  rear  cable  roll  angular  rate  to 
lateral  roll  control 
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Mnemonic 


Description 


VDR 

PHIDR 

PHIDDR 

PSIDR 


Gain  from  side  velocity  to  yaw  control 
Gain  from  helicopter  roll  angle  to  yaw  control 
Gain  from  helicopter  roll  rate  to  yaw  control 
Gain  from  helicopter  yaw  angle  to  yaw  control 


PSIDDR 


Gain  from  helicopter  yaw  angle  rate  to  yaw 
control 


P2DR 

P2DDR 

P3DR 

P3DDR 

NBETA  LOAD 

CABLE  LEN 

V 

Q 


Gain  from  front  cable  roll  displacement  angle 
to  yaw  control 

Gain  from  front  cable  roll  angular  rate  to  yaw 
control 

Gain  from  rear  cable  roll  displacement  angle  to 
yaw  control 

Gain  from  rear  cable  roll  angular  rate  to  yaw 
control 

Factor  times  "Normal"  Na  load 

P 

Cable  length 

Velocity  in  feet/secund 

Q  in  the  performance  index 


It  is  not  implied  that  this  is  the  only  set  of  gains  that  will  stabilize 
the  load  or  that  the  one  set  of  gains  will  stabilize  only  the  indicated 
flight  condition.  This  set  of  36  combinations  of  loads  and  speeds  was 
computed  using  the  same  performance  index.  Another  set  of  optional  gains 
was  computed  using  a  different  performance  index  with  very  little  change 
in  the  6Jins. 
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TABLE  XXIX.  STABILIZATION  SYSTEM  GAIN  VARIATION  VS  SPEED, 

LOAD  STABILITY  CHARACTERISTICS,  AND  CABLE  LENGTH 


VDA 

V  = 

84 

0= 

0.1000 

NPETA 

LOAD  = 

5 

1 

-1 

-5 

CABLE 

LEN  = 

10 

-0.0049 

-0.0066 

-0.0065 

-0.0050 

CABLE 

LEN  = 

30 

0.^005 

-0.0C65 

-0.0080 

-0.0088 

CABLE 

LEN  = 

50 

0.0063 

-0.0062 

-0.0094 

-0.0130 

VOA 

V  = 

168 

Q= 

0.1000 

NflET  A 

LOAD  = 

5 

1 

-  1 

-5 

CABLE 

LEN  = 

10 

0.0374 

-0.0022 

-0.0071 

-0.0022 

C  ABLr 

LEN  = 

30 

0.0023 

-C.0044 

-0. 0147 

-0.0133 

CABLE 

LEN  = 

50 

-0.0062 

-n . 0 1 37 

-0.0227 

-0.0291 

VDA 

V  = 

253 

0= 

0.1000 

NBETA 

LOAD  = 

5 

1 

-1 

-5 

CABLE 

LEN  = 

10 

-0.0046 

-0.0080 

-0.0151 

0 . 0004 

CABLE 

LEN  = 

30 

-0.0206 

-O.0212 

-0.0301 

-0.0052 

CABLE 

LEN  = 

50 

-0.0288 

-0.0307 

-0.0407 

-0.0162 

PHIOA 

Vs 

84 

Q  = 

0. 1000 

NBETA 

LOAD  = 

5 

1 

-1 

-5 

CABLE 

LEN  = 

10 

0.3723 

0.3631 

0.3904 

0.4909 

CABLE 

LEN  = 

30 

0.4317 

0.3627 

0.3832 

n .4663 

CABLE 

LEN  = 

50 

0.5712 

0.3844 

0.3799 

0.4377 

PHIDA 

V= 

169 

0= 

0.1000 

NBETA 

LOAD  = 

5 

1 

-1 

-5 

CABLE 

LEN  = 

10 

0.8730 

0.2250 

0. 2016 

■'.43  38 

CABLE 

LFN  = 

30 

0.5345 

0.4941 

0.1738 

0.3622 

CABLE 

LEN  = 

5n 

^ . 4439 

0.3687 

0.1620 

0.2746 

PHIOA 

V  = 

253 

Q  = 

0. l"On 

NBETA 

LOAD  = 

5 

1 

-1 

-5 

CABLE 

LEN  = 

10 

0.2862 

0.4956 

0.0803 

0.3762 

CABLE 

LEN  = 

30 

H.2134 

C. 1726 

-0.0134 

0.4958 

CABLF 

LEN  = 

50 

0.1629 

0.0947 

-0.0457 

0.5899 
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TABLE  XXIX  - 

Continued 

OHinnA  V=  84 

3* 

0. 100" 

NBFTA  LO  AP  * 

5 

1 

-1 

-5 

CA8LF  LFN  «  P 

9.5812 

0.6105 

0.6493 

0.7560 

CABLF  LEN  *  30 

0. 5n33 

0.6538 

0.7397 

0.9039 

CABLE  LFN  =  50 

0.4492 

0.6257 

0.7299 

0.9360 

PHIODA  Vs  168 

0= 

0.100" 

NBE" A  LOAD  = 

5 

1 

-1 

-5 

CABLP  LEN  =  P 

0.5065 

0.2436 

0.4285 

0.7483 

CABLE  LEN  *  3^ 

0.5771 

C. 3425 

0.4713 

0.9381 

CABLE  LEN  *  50 

0.6186 

0.4794 

0.5530 

1.0940 

PHI ODA  V=  253 

Qx 

0. 1P0O 

nbeta  LOAD  * 

5 

1 

-l 

-5 

CABLE  LEN  *  10 

0.5790 

0.2438 

0.5223 

0.9254 

CABLE  LEN  *  30 

0.5619 

0.4169 

0.5756 

1.4580 

CABLE  LEN  «  5" 

0.6431 

0.5344 

0.6548 

2.0480 

PS  IDA  V=  84 

0= 

C.iOOC 

NBETA  LOAD  = 

5 

1 

-1 

-5 

CABLE  LFN  *  10 

0.2107 

0.1747 

0.1643 

0.1604 

CABLE  LEN  *  30 

0.1702 

0.1562 

0.1547 

0.1571 

CABLE  LEN  *  50 

0.1634 

0.1471 

0.1458 

0.1505 

PS  I  DA  V*  168 

Q* 

C.1C00 

NBETA  LOAD  * 

5 

1 

-1 

-5 

CABLE  LEN  *  10 

0.2920 

0.1529 

0.1422 

0.2032 

CABLE  LEN  *  30 

0.2391 

0.1780 

0.1393 

0.1821 

CABLE  LEN  *  50 

0.2116 

0.1780 

0.1489 

0.1787 

PSIDA  V*  253 

Qr 

C.1000 

NBFTA  LOAD  « 

5 

1 

-1 

-5 

CABLE  LEN  *  P 

0.2973 

0.2054 

0.1533 

9.2421 

CABLE  LEN  =  30 

0.2368 

0.2022 

0.1468 

0.2564 

CABLE  LFN  =  50 

9.2187 

0.1939 

0.1505 

0.2800 
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TABLE  XXIX  -  Continued 


P  S I  DO/' 

V= 

84 

0= 

0. 1C00 

NBETA 

LOAD  = 

5 

1 

-1 

-5 

CABLE 

LEN  = 

in 

0.2912 

0.0574 

-0.0829 

-0.3516 

CABLE 

LEN  * 

30 

-C.1415 

-0.0183 

-0.0625 

-0.2219 

CABLE 

LEN  = 

5a 

-0.5741 

-0.1294 

-0.0955 

-0.1588 

PSIDOA 

V  = 

168 

Q= 

0. icon 

NBETA 

LOAD  = 

5 

1 

-1 

-5 

CABLE 

LFN  = 

in 

-2.4430 

-0.2198 

0.0087 

-0.4014 

CABLE 

LEN  = 

30 

-1.0380 

-1.5370 

0.0750 

-0.0867 

CABLE 

LEN  = 

50 

-0.7595 

-0.7533 

0.1996 

0.3885 

PSIOOA 

V= 

253 

0= 

0.1000 

NBETA 

LOAD  = 

5 

1 

-1 

-5 

CABLE 

LEN  » 

10 

0.1946 

-2.5810 

1.0310 

0.1291 

CABLE 

LEN  * 

30 

0.2729 

0.1519 

1.5130 

0.0421 

CABLE 

LEN  * 

50 

0.5987 

0.8092 

1.7680 

0.2376 

P2DA 

Vs 

84 

Q- 

0.100C 

NBETA 

LOAD  * 

5 

1 

-1 

-5 

CABLE 

LEN  * 

10 

-0.2431 

-0.2785 

-0.3015 

-0.3486 

CABLE 

LEN  * 

30 

1.5880 

0.8858 

0.7316 

0.5450 

CABLE 

LEN  = 

50 

4.1480 

2.7120 

2.2310 

1.7900 

P2DA 

Vs 

163 

Q~ 

0.1000 

NBFTA 

LOAD  = 

5 

1 

-1 

-5 

CABLE 

LEN  = 

10 

2.0070 

0.3877 

0.1638 

-0.1814 

CABLE 

LEN  = 

1.6810 

4.2180 

2.8930 

1.4190 

CABLF 

LFN  = 

5n 

2.0360 

3.9810 

4.5350 

3.0950 

P2DA 

V  = 

253 

0  = 

0.1000 

NBETA 

LOAD  = 

5 

1 

-1 

-5 

CABLF 

LEN  = 

K 

0.9142 

1.1540 

1.1030 

0.0254 

CABLF 

LEN  = 

3n 

2.7040 

3.3570 

4.5450 

1.8150 

CABLE 

LPN  = 

50 

4. 135C 

4.6440 

6.2180 

3.6800 
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TABLE  XXIX  - 

Continued 

P2D0A 

V® 

84 

0= 

0.1000 

NBETA 

LOAD  = 

5 

1 

-l 

-5 

CABLE 

LEN  = 

1C 

-0.2539 

-0.2502 

-0.2440 

-0.2285 

CABLE 

LEN  = 

30 

0.37"5 

0. 1827 

0.1457 

0.1371 

CABLE 

LEN  = 

50 

C .0133 

-0.1062 

-0.1790 

-0.1657 

P20DA 

V  = 

163 

0= 

c.iooo 

NBETA 

LOAD  = 

5 

1 

-1 

-5 

CABLE 

LEN  * 

p 

-r • 1686 

0.0102 

-0.0742 

-0.0870 

CABLE 

LEN  = 

30 

-0.2061 

1.4660 

C.  6735 

0.5244 

CABLE 

LEN  = 

50 

-0.2953 

0.6998 

0.4076 

0.4361 

P20DA 

V® 

253 

Q= 

0.1000 

NBETA 

LOAD  = 

5 

1 

-1 

-5 

CABLE 

LEN  ® 

1" 

-0.1035 

0.8538 

0.1774 

0.0782 

CABLE 

LEN  = 

30 

0.3250 

0.6721 

0.7172 

1.0620 

CABLE 

LEN  = 

50 

0.5534 

0.6,864 

0.5404 

1.9890 

P3DA 

V® 

84 

Q= 

0.1000 

NBETA 

LOAD  * 

5 

1 

-1 

-5 

CABLE 

LEN  = 

10 

-0.6237 

-0.5596 

-0.5348 

-0.4983 

CABLE 

LEN  = 

3" 

-2.4820 

-1.5240 

-1.3090 

-1.0560 

CABLE 

LEN  = 

50 

-5.0400 

-3.3520 

-2.7960 

-2.2700 

P3DA 

V® 

168 

Q= 

C.  1000 

- 

NBETA 

LOAD  = 

5 

1 

-1 

-5 

CABLE 

LEN  = 

P 

-2.9110 

-1.3410 

-0.9099 

-0.4932 

CABLE 

LEN  = 

30 

-1.956C 

-4.8250 

-3.3780 

-1.6580 

CABLE 

LEN  = 

50 

-2.236C 

-4.1890 

-4.8250 

-3.1890 

P3DA 

V® 

253 

0= 

0.1000 

NBETA 

LOAD  = 

5 

1 

-1 

-5 

CABLE 

LEN  = 

P 

-r .  88  33 

-1.536C 

-1.5490 

-0.3529 

CABLE 

LEN  = 

3r 

-2. 5010 

-3.0810 

-4.6710 

-1.7280 

CABLE 

LEN  = 

c ;  a 

-  3.543^ 

-4.3900 

-6.1830 

-3.3710 
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TABLE  XXIX  - 

Continued 

P300A 

V  = 

84 

Q= 

0. 1000 

NBFTA 

LOAD  = 

5 

1 

-1 

-5 

CABLE 

LEN  = 

10 

-0.4626 

-n.4474 

-0.4418 

-0.4309 

CABLE 

LEN  = 

30 

-1.1840 

-".6985 

-0.5697 

-0.4319 

CABLE 

LEN  * 

50 

-0.9678 

-0.4660 

-0.2536 

-0.0661 

P30DA 

V= 

168 

3= 

0.1"0" 

NBETA 

LOAD  = 

5 

1 

-1 

-5 

CABLE 

LEN  * 

10 

-0.5362 

- 1 . 0470 

-C. 7581 

-0.5940 

CABLE 

LEN  * 

30 

-0.1982 

-2.4860 

-1.3380 

-0.7350 

CABLE 

LEN  * 

50 

-0.0098 

-1. 2350 

-0.8861 

-0.3745 

P30DA 

V= 

253 

0* 

0.1000 

NBETA 

LOAD  = 

5 

1 

-1 

-5 

CABLE 

LEN  * 

10 

-0.2251 

-2.0010 

-0.8612 

-0.6013 

CABLE 

LEN  * 

30 

-0.5722 

-1.0930 

-1.1440 

-0.9128 

CABLE 

LEN  * 

50 

-0.7231 

-0.9660 

-0.7846 

-1.2290 

VDR 

V* 

84 

0* 

0.1000 

NBETA 

LOAD  * 

5 

1 

-1 

-5 

CABLE 

LEN  - 

10 

-0.0059 

-0. 0149 

-0.0210 

-0.0360 

CABLE 

LEN  * 

30 

-0.0136 

-0.0228 

-0.0295 

-0.0447 

CABLE 

LEN  » 

50 

-0 .0323 

-0.0319 

-0.0381 

-0.0542 

VDR 

V* 

168 

0= 

0.1000 

NBETA 

LOAD  = 

5 

1 

-1 

-5 

CABLE 

LEN  = 

10 

-0.2084 

-0.0096 

-0.0357 

-0.1141 

CABLE 

LEN  * 

30 

-0.1705 

-0.0606 

-0.0543 

-0.1307 

CABLE 

LEN  = 

50 

-0.1539 

-0.0896 

-0.0827 

-0.1657 

VDR 

V= 

253 

0= 

0.1"C9 

NBETA 

LOAD  = 

5 

1 

-1 

-5 

CABLE 

LEN  = 

n 

-0.4162 

-0. ^746 

-0.0696 

-0.2334 

CABLE 

LEN  = 

30 

-0.2560 

-0. 1181 

-0. "987 

-0.2683 

CABLE 

LEN  = 

50 

-0.2170 

-0. 1350 

-0. 1374 

-0.3306 
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TABLE  XXIX  - 

Continued 

PHI  0$ 

V  = 

84 

Q* 

o.iron 

NBETA 

LOAD  = 

5 

1 

-1 

-5 

C  ABL  p 

EN  * 

10 

-0.3130 

-0. 7043 

-0.9173 

-1.3440 

CABLE 

LFN  = 

BO 

-0 .3400 

-0.8247 

-1.0500 

-1.4520 

CABLF 

LEN  * 

50 

- n. 438 1 

-0.8686 

-1.1170 

-1.5460 

PH  I  DR 

V* 

168 

Q= 

0.1000 

NPFTA 

LOAD  * 

5 

1 

-1 

-5 

CABLF 

LEN  « 

10 

-1.3070 

-0.1793 

-0.9636 

-2.0520 

CABLE 

LEN  ■ 

30 

-1.5920 

-0.5496 

-1.1130 

-2.1330 

CABLF 

LEN  * 

50 

-1.6440 

-1.0  540 

-1.3990 

-2.4090 

PHIOR 

V* 

253 

g« 

0.1000 

NBFTA 

LOAD  « 

5 

1 

-1 

-5 

CABLE 

LEN  * 

10 

-2.0720 

-0. 0336 

-1.2250 

-2.5620 

CABLE 

LFN  « 

30 

-1.8600 

-0.9265 

-1.4180 

-2.7920 

CABLE 

LEN  * 

50 

-1.8120 

-1.2760 

-1.6820 

-3.2430 

PHI  OOP 

V« 

84 

0* 

o.lOOC 

NPETA 

LOAD  - 

5 

1 

-1 

-5 

cable 

LEN  « 

10 

0 • 12 1C 

-0.1034 

-0.2220 

-0.4254 

CABLE 

LEN  * 

30 

0.3958 

0.3010 

C. 2410 

0.1259 

CABLE 

LEN  = 

50 

0.5036 

0.4887 

0.4961 

0.4827 

PHI OD9 

V* 

168 

0* 

C.iOOo 

NBETA 

LOAD  = 

5 

1 

-1 

-5 

CABLE 

LEN  * 

10 

0.5028 

0. 1067 

-0.1478 

-0.4277 

CABLE 

LEN  * 

30 

0.5002 

0.0667 

0.1355 

0.1249 

CABLE 

LEN  * 

50 

0.4913 

0. 1764 

0.2155 

0.4459 

PMIDOR 

V» 

253 

Q« 

0.1000 

NBETA 

LOAD  * 

5 

1 

-1 

-5 

CARLE 

LEN  = 

10 

0.3665 

0.0798 

C. 1034 

-0.2596 

CABLE 

LEN  = 

30 

0.2706 

0. 1331 

0.3992 

-0.C100 

CABLE 

LEN  = 

50 

0.3169 

0.2667 

0.5430 

-0.1246 

TABLE  XXIX  -  Continued 

PSIDR 

V  = 

84 

Q= 

o. 1000 

NBETA 

LOAO  = 

5 

1 

-1 

-5 

CABLE 

LEN  = 

10 

0.2357 

0.2635 

0.27C2 

0.2725 

CABLE 

LEN  = 

30 

0.2665 

0.2749 

0.2758 

0.2744 

CABLE 

LEN  = 

50 

n.2707 

0.2799 

0.2805 

0.2781 

PSIDR 

V= 

168 

0  = 

0.1000 

NBETA 

LOAO  = 

5 

1 

-1 

-5 

CABLE 

LEN  = 

10 

0.1212 

0.2768 

0.2824 

0.2423 

CABLE 

LEN  = 

30 

0.2068 

0.2613 

0.2838 

0.2584 

CABLE 

LEN  * 

50 

0.2349 

0. 2613 

0.2789 

0.2607 

PSIDR 

V* 

253 

0  = 

0.1000 

NBETA 

LOAD  = 

5 

1 

-1 

-5 

CABLE 

LEN  * 

10 

0.1077 

0.2410 

0.2767 

0.2034 

CABLE 

LEN  = 

30 

0.2095 

0.2431 

0.2803 

0.1849 

CABLE 

LEN  * 

50 

0.2283 

0.2497 

0.2782 

0.1468 

PSIDDR 

V= 

84 

0= 

O.lOl'O 

NBETA 

LOAD  = 

5 

1 

-1 

-5 

CABLE 

LEN  = 

10 

2.1200 

3.1960 

3.7370 

4.7910 

CABLE 

LEN  = 

30 

2.4050 

3.6810 

4.2580 

5.2720 

CABLE 

LEN  = 

50 

2.7180 

3.8760 

4.5340 

5.6510 

PSIDDR 

V* 

168 

0= 

0.1000 

NBETA 

LOAD  = 

5 

1 

-1 

-5 

CABLE 

LEN  = 

10 

8.9020 

2.6350 

6.5400 

11.8600 

CABLE 

LEN  = 

30 

10.7000 

4.9370 

7.5420 

12.7100 

CABLE 

LEN  = 

50 

10.9300 

7. 6540 

9.1140 

14.3400 

PSIDDR 

V  = 

253 

0  = 

f'.lOOO 

NBETA 

LOAD  = 

5 

1 

-l 

-5 

CABLE 

LEN  = 

10 

19.4700 

3.0220 

10.6300 

20.0200 

CABLE 

LEN  = 

30 

17.2700 

1  0.1300 

12.4200 

21.6600 

CABLE 

LEN  = 

50 

16.6000 

12.4200 

l~.t2?0 

24.3900 
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TABLE  XXIX  - 

Continued 

P2DP 
NBET  A 

V=  84 

LOAD  = 

0= 

0. loco 

5 

1 

-1 

-5 

CABLE 

LEN  =  1^ 

0.1384 

0.2613 

0.3190 

0.4247 

CABLE 

LEN  *  30 

-0.1614 

0.3089 

0.4C99 

0.5187 

CABLE 

LFN  =  50 

-1.790C 

0.5240 

0.9802 

1.3720 

P2DR 

NPFTA 

V=  168 
LOAD  = 

0= 

0 . 1 OQO 

5 

l 

-1 

-5 

CABLE 

LFN  *  10 

-6.5350 

0.3844 

1.2500 

1.9340 

CABLE 

LEN  *  30 

-2.1560 

-3.5610 

3.1910 

4.0790 

CABLE 

LEN  *  50 

1.9840 

-0.6183 

6.2130 

8.3210 

P20P 

NBETA 

V=  253 
LOAD  = 

0= 

0.1000 

5 

1 

-1 

-5 

CABLE 

LEN  *  10 

7.0910 

-4.3880 

3.3250 

3.9750 

CABLE 

LEN  *  30 

11.6800 

0.3789 

9.5880 

8.3330 

CABLE 

LEN  *  50 

16.6200 

9.0880 

15.8900 

14.7200 

P20DR 

NBETA 

V*  84 

LOAD  * 

Qr 

O.IOCO 

5 

1 

-1 

-5 

CABLE 

LEN  =  10 

0.4122 

0.3484 

0.3199 

0.2762 

CABLE 

LEN  =  30 

0.7208 

0.6288 

0.5617 

0.4449 

CABLE 

LEN  =  50 

2 .2490 

1.8680 

1.6100 

1 

1.2550 

P20DR 

NBETA 

V  *  163 

LOAD  * 

0= 

0.1000 

5 

1 

-1 

-5 

CABLE 

LEN  =  lo 

1.0140 

1.0190 

0.7193 

0.4894 

CABLE 

LEN  =  30 

4.2890 

3.1180 

2.1580 

0.8781 

CABLE 

LEN  =  5o 

6.4670 

5.9610 

4.2310 

1.5700 

P2D0R 

NBETA 

V*  253 
LOAD  = 

Q- 

0.1000 

5 

1 

-1 

-5 

CABLE 

LEN  =  lr 

4.474^ 

1.9560 

1.0230 

0.5648 

CABLE 

LEN  =  30 

6 .7350 

5.6210 

2.7650 

0.3163 

CABI  E 

. 

LEN  =  50 

8 . 53 i 0 

8.0630 

4.3300 

-0.6680 
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TABLE  XXIX  -  Concluded 


P30R 

V  = 

84 

0= 

0.1000 

NBETA 

LO  AO  = 

5 

1 

-1 

-5 

CABLE 

LEN  = 

10 

-0.2394 

-0. 2637 

-0.2673 

-0.2655 

CABLE 

LEN  = 

30 

0.5721 

-0.1392 

-0.2439 

-0.3033 

CABLE 

LEN  = 

50 

3.5370 

0.6016 

0.0574 

-0.3410 

P30R 

V* 

168 

Q= 

o.ioro 

NBETA 

LOAD  = 

5 

1 

-1 

-5 

CABLE 

LEN  = 

10 

11.9400 

0.0648 

-0.9756 

-1.4040 

CABLE 

LEN  = 

30 

6.8020 

7.0980 

-1.7510 

-3.0160 

CABLE 

LEN  = 

50 

2.5380 

4.6950 

-3.3480 

-6.1160 

P3DP 

V  = 

253 

Q= 

0.1000 

NBETA 

LOAD  = 

5 

1 

-1 

-5 

CABLE 

LEN  = 

1" 

-1.3150 

9.0400 

-3.4290 

-3.8130 

CABLE 

LEN  = 

30 

-6.2200 

4.0610 

-7.9820 

-7.3010 

CABLE 

LEN  = 

50 

-11.5100 

-4.7850 

-13.0800 

-12.8400 

P30DR 

V* 

84 

Q= 

0.1000 

NBETA 

LOAD  = 

5 

1 

-1 

-5 

CABLE 

LEN  « 

10 

-0.1995 

-0.1521 

-0.1312 

-0.0887 

CABLE 

LEN  * 

30 

-0.2397 

-0.1066 

-0.0140 

0.1470 

CABLE 

LEN  * 

50 

-1.146C 

-0.9048 

-0.6033 

-0.1807 

P3DOR 

Vs 

168 

Q= 

0.1000 

NBETA 

LOAD  = 

5 

1 

-1 

-5 

CABLE 

LEN  = 

10 

0.7085 

-0.9796 

-C.6535 

-0.2509 

CABLE 

LEN  = 

30 

-2.6150 

-2.5390 

-1.8800 

-0.3153 

CABLE 

LEN  = 

50 

-4.8490 

-4.9870 

-3.6300 

-0.8206 

P3DTP 

V= 

253 

0  = 

0.10 on 

NBETA 

LOAD  = 

5 

1 

-1 

-5 

CABLE 

LFN  = 

10 

-  3 . 253r 

-1.7850 

-1.1680 

-0.1945 

CABLE 

LEN  = 

3r 

-5. 708° 

-4.9850 

-2.6660 

0.2649 

CABLF 

LFN  = 

50 

-7.632C 

-7.4670 

-3.9700 

0.9773 
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12.2  FLIGHT  SIMULATION  DEMONSTRATION  ON  LARGE -AMPLITUDE  FLIGHT  SIMULATOR 


On  January  19  and  20,  1972,  final  flight  simulation  demonstrations  were 
conducted  on  the  Northrop  new  large -amplitude  flight  simulator.  Personnel 
of  the  U.  S.  Army  Air  Mobility  Research  and  Development  Laboratory  partici 
pated  in  the  flight  testing  of  the  new  flight  simulator.  The  case  config¬ 
urations  are  listed  below.  Pilot  participation  ia  indicated  in  Table  XXX. 


Sjuc  fiaaUmiUaa: 

1.0  Basic  helicopter  with  basic  SAS,  no  sling  load: 

Typical  CH-47B 

1.1  V  »  50  knots 

1.2  V  ■  100  knots 

1.3  V  ■  150  knots. 

2.0  Basic  helicopter  with  basic  SAS,  with  sling  load,  without  sling  load 
aerodynamics: 

V  ■  150  knots,  L  ■  10  feet. 

3.0  Helicopter  with  sling  load,  basic  SAS,  typical  8-  by  8-  by  20-foot 
container,  20,000  pounds,  nominal  load  aerodynamics: 


3.1 

V  • 

50  knots 

3.2 

V  - 

100  knots 

3.3 

V  - 

125  knots 

3.4 

V  ■ 

150  knots. 

4.0  Effect  of  sling -load  cable  length: 

4.1  V  ■  50  knots,  L  ■  10  feet 

4.2  V  ■  50  knots,  L  ■  100  feet. 

(Helicopter  and  sling-load  characteristics  same  as  case  3.0). 
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5.0  Effect  of  sling-load  weathercock  stability  characteristics: 

5.1  V  *  125  knots,  L  •  10  feet,  nominal  weathercock  stability, 
similar  to  case  3.0 

5.2  V  *  125  knots,  L  *  10  feet,  5x  nominal  weathercock 

5.3  V  =  125  knots,  L  ■  10  feet,  unstable  weathercock. 

6.0  Procedural  stabilization  approach: 

6.1  V  =  125  knots,  L  *  10  feet,  regular  SAS,  unstable  weathercock 

6.2  V  =  125  knots,  L  =  10  feet,  regular  SAS,  nominal  weathercock, 

7.0  Active  aerodynamic  stabilization  system: 

V  =  150  knots,,  L  *  10  feet,  5x  nominal  weathercock,  20,000-pound  load. 

8.0  Passive  aerodynamic  stabilization  inherent  characteristics  modifica¬ 
tion: 

8.1  V  =  125  knots,  L  *  10  feet,  5x  nominal  weathercock,  same  as  5.2 

8.2  V  *  125  knots,  L  *  10  feet,  neutral  weathercock. 

9.0  Black  box  load  stabilization  system  (LSS)  load  stabilization 
augmentation  system: 

9.1  V  =  150  knots,  L  *  10  feet,  basic  SAS,  5x  nominal  weathercock 

9.2  Same  as  9.1,  except  with  best  optimized  LSS. 
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TABLE  XXX.  FLIGHT  SIMULATOR  CASES  TEST  FLOWN 


Cases 

R.  Lane 

D.  Simon 

E.  Forehand 

J.  Savage 

1.1 

X 

X 

X 

1.2 

1.3 

X 

X 

2.0 

X 

X 

X 

3.1 

X 

3.2 

X 

3.3 

X 

X 

X 

X 

3.4 

X 

X 

4.1 

X 

X 

4.2 

5.1  -  3.3 

X 

X 

5.2 

X 

X 

5.3 

X 

X 

6.1  -  5.3 

X 

6.2  -  3.3 

X 

7.0 

X 

X 

8.1  -  5.2 

X 

X 

8.2 

X 

X 

9.1 

X 

X 

X 

X 

9.2 

X 

X 

X 

X 

12.3  FLIGHT  SIMULATION  DYNAMIC  TIME  HISTORY 


A  time  history  of  the  32  parameters  listed  below  was  recorded.  Strip 
chart  recordings  are  available  on  request. 

Lateral  control  deflection 
LAX 

6  Rudder  control  deflection 

RUD 

•  • 

0  Helicopter  roll  acceleration 

• 

0  Helicopter  roll  rate 

0  Helicopter  roll  angle 

•  I 

t  Helicopter  yaw  acceleration 

a 

f  Helicopter  yaw  rate 

t  Helicopter  yaw  angle 

$2~  $3  Load  yaw  angle 
$2  +  *3  Load  roll  angle 

#2  Load  front  cable  roll  angular  acceleration 

# 2  Load  front  cable  roll  angle 

#• 

$3  Load  rear  cable  roll  angular  acceleration 

i 3  Load  rear  cable  roll  angle 

#« 

t ,  Load  roll  acceleration 

4 

Load  roll  angle 

^LONG  Longitudinal  control  deflection 
*  « 

6  Helicopter  pitch  acceleration 

0  Helicopter  pitch  rete 

0  Helicopter  pitch  angle 

U  Helicopter  longitudinal  acceleration 

U  Helicopter  logitudlnal  velocity 

• 

W  Helicopter  vertical  acceleration 

W  Helicopter  vertical  velocity 
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I# 

9  Helicopter  pitch  acceleration 

• 

0  Helicopter  pitch  rate 

0  Helicopter  pitch  angle 

4  * 

X  Sling  cable  pitch  acceleration 

• 

X  Sling  cable  pitch  rate 

X  Sling  cable  pitch  angle 

F^  Front  cable  tension 

F^  Rearward  cable  tension 


12.4  DESCRIPTION  AND  COMMENTS  ON  THE  FLIGHT  SIMULATION  DEMONSTRATION 
The  following  description  and  comments  were  provided  by  Mr.  D.  Simon. 

"The  subject  simulator/simulation  was  evaluated  for  a  period  of  ap¬ 
proximately  2  hours  and  45  minutes  on  20  January  1972.  The  simulator  pro¬ 
vided  5  degrees  of  cockpit  motion  (±25  degrees  pitch,  roll,  and  yaw;  ±14 
feet  of  near  vertical  and  lateral  translation),  and  a  visual  real-world  type 
projection  on  a  hemispheric  screen  which  was  rigidly  attached  to  and  moved 
with  the  cockpit.  Cockpit  Instrumentation  consisted  of  several  basic  flight 
instruments  for  IFR  and  four  tape  gages  representing  external  load  motion. 
The  load  stabilization  system  (LSS)  was  an  Ideal  mechanization  of  numerous 
sensors  (load  mounted  accelerometers,  cable  angle,  cable  angle  rate,  gyros, 
etc.)  which  were  massaged,  as  required,  in  a  computer  and  introduced  into 
the  ship's  system  SAS.  The  external  load  simulation  was  that  of  an  8  by  8 
by  20-foot  container  weighing  20,000  pounds  and  suspended  via  two  cables  of 
equal  length,  10  and  100  feet  below  the  aircraft  (distances  were  measured 
from  the  belly-mounted  hooks  to  the  center  of  gravity  of  the  box). 

"The  scope  of  the  test  conditions  was  limited  to  four  airspeeds,  two 
cable  lengths,  and  one  load  configuration  due  to  the  programming  of  non- 
variable  stability  derivatives.  Thus,  when  the  simulation  was  engaged  the 
pilot  found  himself  trimmed  at  a  given  airspeed  (50,  100,  125  or  150  knots) 
and  altitude  (1000  feet).  Power  (collective  pitch)  was  fixed  at  a  pre¬ 
determined  setting  and  cyclic  inputs  had  no  significant  effect  on  airspeed 
or  altitude.  The  test  agenda  was  with  and  without  cockpit  motion,  external 
load,  and  load  stabilization. 

"In  comparing  this  simulation  with  those  with  which  the  undersigned 
has  "flown"  previously,  an  overall  rating  of  good  is  assigned  to  the  100, 
125,  and  150-knot  conditions.  The  50-knot  conditions  with  the  external 
load  were  considered  unsatisfactory.  This  rating  takes  into  account  the 
strong  points,  in  terms  of  realism  and  qualitatively  assessed  validity,  as 
well  as  the  deficiencies  and  limited  flight  envelope.  The  most  interesting 
characteristic  which  enhanced  my  opinion  of  the  simulation  was  the  vividly 
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demonstrated  effect  of  dynamic  pressure  (airspeed)  and  the  load's  inherent 
static  directional  stability  on  load  and  load/aircraft  behavior.  In  general, 
the  lateral-directional  characteristics  were  excellent  while  the  longi¬ 
tudinal  characteristics  were  fair  to  poor,  due  in  part  to  less  effort  on 
the  part  of  the  contractor  to  optimize  this  mode.  Additionally,  it  appeared 
that  the  lack  of  fore  and  aft  cockpit  motion  was  a  significant  factor;  in 
fact,  the  load-induced  low-frequency  longitudinal  accelerations  which  the 
pilot  interprets  as  pitch  attitude  changes  under  IFR  conditions  could  not 
be  reproduced  in  this  simulation.  It  is  felt  that  this  is  an  important 
aspect  of  the  load  stabilization  problem  in  cruising  flight  which  cannot 
be  ignored. 

"The  point-light-source  projections  of  the  real  world  which  Northrop 
has  been  using  for  their  fighter  simulation  work  was  utilized  in  this  pro¬ 
gram.  It  was  acknowledged  that  the  statement  of  work  did  not  define  effort 
to  properly  adapt  the  projection  system  to  the  helicopter  environment.  Such 
effort  should  be  included  in  any  future  use  of  the  simulator  for  helicopter 
work. 

"As  a  concluding  observation,  it  should  be  noted  that  the  load 
stabilization  system  employed  in  this  instance  was,  in  fact,  a  clinically 
ideal  arrangement  containing  all  the  sensors  theoretically  necessary  to 
work  the  problem.  This  load  stabilization  system  (LSS)  solved  the  problem 
within  the  scope  of  this  test  and  established  some  sort  of  academic  base¬ 
line.  The  real  worth  of  the  program  would  appear  to  lie  with  the  demon¬ 
strated  use  of  the  Northrop  'beam'  simulator  as  a  tool  to  study  helicopter 
stability  and  control  problems,  particularly  with  the  pilot  in  the  loop." 
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13.0  CONCLUSIONS 


A  broad  spectrum  of  sling  loads  has  been  subjected  to  load  stability  analy¬ 
sis.  Cable  length,  type  of  suspension  (single  or  two  point),  the  optional 
use  of  a  stabilizing  parachute,  and  different  values  of  C  ,  the  weather- 

np 

cock  stability  factor,  were  taken  as  variables.  The  following  conclusions 
were  reached  for  the  defined  loads: 

Box  (8-bv-8-bv-20  feet)  -  For  both  5,000-  and  20,000-pound  loads,  the 
greatest  stability  is  achieved  with  two-point  suspension,  short  cables 
and  a  low  value  of  weathercock  stability.  In  one  case,  the  20,000- 
pound  load,  using  single-point  suspension  plus  a  drag  chute,  stability 
was  greater  with  a  100-foot  cable  than  with  shorter  lengths. 

Box  (8-bv-8-bv-40  feet)  -  For  a  5,000-pound  load,  the  best  overall 
results  were  obtained  with  single-point  suspension,  a  drag  chute  and 
a  low  value  of  weathercock  stability.  Stability  at  a  speed  of  150 
knots  was  obtained  with  two-point  suspension  and  a  10-foot  cable.  For 
a  20,000-pound  load,  best  results  were  obtained  with  two-point  suspen¬ 
sion  and  a  low  value  of  weathercock  stability. 

Truck  -  Best  results  for  this  type  of  load  came  about  merely  by 
changing  from  single-  to  two-point  suspension.  This  permits  150  knots 
stable  airspeed  for  cable  lengths  up  to  100  feet.  For  the  single-point 
suspension  without  chute,  changing  the  weathercock  stability  factor 
from  negative,  which  is  inherent  in  this  type  of  load,  to  positive, 
gives  good  results. 

Tank  -  As  in  the  case  of  the  truck  load,  best  results  for  the  tank 
come  from  going  to  a  two-point  suspension  system.  For  the  single¬ 
point  suspension  without  chute,  using  a  positive  value  of  the  weather¬ 
cock  stability  factor  gives  excellent  results. 

Carrier  -  Results  were  similar  to  those  for  the  truck  and  tank. 

VH-34  Helicopter  -  For  single-point  suspension,  a  stable  airspeed  of 
150  knots  can  be  obtained  either  by  adding  a  10-foot  drag  chute  or  by 
reducing  the  weathercock  stability  value  to  zero.  The  same  applies 
for  the  two-point  suspension  case.  The  inherent  weathercock  stability 
of  this  configuration  for  small  sideslip  angles  is  essentially  zero. 
This  explains  why  past  experience  shows  that  such  a  load  could  be 
carried  at  high  airspeeds. 

F-5  Aircraft  -  Carrying  the  F-5  without  the  tail  results  in  a  very 
stable  load  for  both  single-  and  two-point  suspensions.  With  tail 
added,  the  best  arrangement  is  single-point  suspension  with  a  10-foot 
drag  chute. 

OV-1  Aircraft  -  Good  results  for  this  type  of  load  are  achieved  by  two- 
point  suspension  and  a  small  value  of  weathercock  stability.  For  the 
single-point  case,  adding  a  parachute  will  greatly  improve  stability. 
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Considerable  drag  is  added  by  the  use  of  chutes  for  stabilization,  which 
means  that  additional  power  is  required  by  the  towing  helicopter,  with  a 
consequent  decrease  in  performance.  Furthermore,  reports  from  pilots  in 
Vietnam  indicate  that  rigging  chutes  to  a  load  is  difficult  and  time- 
consuming,  and  can  be  dangerous  in  a  combat  situation.  Therefore,  it  would 
be  highly  desirable  to  stabilize  the  load  by  some  means  other  than  by  the 
use  of  drag  chutes. 

Reduction  in  weathercock  stability  in  order  to  increase  the  airspeed  at 
which  a  CH-46  load  might  be  carried  could  be  physically  accomplished  by 
adding  a  dummy  fin  to  the  CH-46  in  such  a  way  that  the  vertical  stabilizing 
surfaces  on  the  front  and  rear  of  the  helicopter  load  were  approximately 
equal. 

In  addition  tc  simple  single-  and  two-point  suspension  systems,  with  and 
without  drag  chutes  for  increased  stabilization,  several  more  sophisticated 
systems  were  conceived  and  their  effectiveness  substantiated  by  flight 
simulation.  These  included  a  variety  of  mechanical  load  stabilizers,  aero¬ 
dynamic  load  stabilization  with  rate  sensors  and  a  beam  with  control 
surfaces  secured  to  the  load,  display  systems  for  monitoring  sling-load 
position,  and  systems  which  would  provide  rate  and  acceleration  inputs  to 
the  helicopter's  stability  augmentation  system.  Cost  estimates  have  been 
made  for  these  concepts.  Their  effectiveness  has  been  verified  by  flight 
simulation.  Further  study  would  be  required  to  determine  practicality. 

The  final  flight  simulation  effort,  conducted  on  the  new  Northrop  large- 
amplitude  flight  simulator,  has  provided  further  validation  of  the  analyti¬ 
cal  findings  of  this  study  program  and  has  substantiated  the  effectiveness 
of  the  selected  helicopter  sling-load  stabilization  augmentation  system 
concept . 

In  general,  the  overall  helicoptev/sling-load  stability  degrades  with  in¬ 
creasing  speed  for  a  constant  weathercock  load  stability  characteristic. 

At  high  flight  speeds,  strong  weathercock  load  stability  or  unstable 
weathercock  load  stability  characteristics  lead  to  overall  helicopter/sling¬ 
load  dynamic  instability. 

The  selected  load  stabilization  system  (electronic)  is  complex  in  imple¬ 
mentation  but  very  versatile.  Overall  system  stability  is  very  sensitive 
to  varying  flight  configurations  and  conditions.  For  each  specific  flight 
configuration  and  condition,  the  optimized  load  stabilization  system  is 
extremely  effective.  Practical  implementation  of  the  proposed  concept  and 
a  complete  evaluation  with  respect  to  the  promising  mechanical  stabiliza¬ 
tion  approaches  require  further  study. 

In  the  course  of  this  program,  efforts  were  made  to  locate  aerodynamic  data 
on  various  load  configurations  to  be  studied.  Due  to  the  nonavailability 
of  accurate  wind  tunnel  or  flight  test  data  on  the  aero  characteristics  of 
most  of  the  load  configurations,  analytical  techniques  were  used  to  predict 
those  aero  characteristics.  Wind  tunnel  aerodynamic  data  and  flight  test 
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data  are  needed  to  develop  a  good  model  of  the  loads.  It  is  known  that 
nonlinear  effects  of  the  containers  cause  them  to  be  difficult  to  carry. 

The  Incorporation  of  more  realistic  experimental  data  from  large-scale  wind 
tunnel  teats  In  the  design  analysis  and  system  analysis  of  all  the  promis¬ 
ing  load  stabilization  systems  would  uncover  the  real  effectiveness  or 
deficiencies  of  the  various  stabilization  approaches  in  a  realistic  en¬ 
vironment.  System  mechanization  and  design  could  then  be  optimized,  based 
on  realistic  load  characteristics  and  system  dynamics.  System  trade-off 
methodology  would  be  improved  to  deal  more  meaningfully  with  cost  effec¬ 
tiveness  comparisons. 
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APPENDIX  I 


NONLINEAR  BODY  AERODYNAMICS 


To  evaluate  the  body  contribution  to  the  aerodynamic  derivatives  of  aircraft, 
it  is  necessary  to  include  the  range  of  flight  conditions  which  is  likely 
to  be  encountered  in  operation.  This  requires  the  aircraft  to  operate  at 
extensive  angles  of  attack  and  sideslip,  since  the  flight  attitude  near 
hovering  flight  is  not  determined  by  aerodynamic  forces  but  rather  from  the 
application  of  power.  There  is,  however,  an  area  of  flight  where  the  aero¬ 
dynamic  and  power  effects  will  tend  to  be  of  the  same  order  of  magnitude  and 
where  neither  compcnent  can  be  safely  neglected. 

Nonlinear  aerodynamics  is  important  in  treating  the  aircraft  behavior  in 
the  region  where  both  aerodynamic  forces  and  power  are  important  in  support¬ 
ing  the  aircraft  weight. 

To  obtain  the  total  aerodynamics  of  bodies  at  large  angles  of  attack  and 
sideslip,  it  is  necessary  to  treat  both  the  potential  flow  contribution  and 
the  viscous  effects.  This  study  utilized  slender  body  theory  for  the 
potential  contributions,  v/hile  two  methods  of  treating  the  viscous  effects 
were  examined.  The  first  method,  using  vortex  tracking,  was  found  to  be 
unreliable  within  the  present  state  of  the  art  and  is  not  discussed  here. 

The  second  method,  using  the  viscous  crossflow  concept,  is  described  in  this 
appendix. 


1.  SLENDER  BODY  THEORY 


To  completely  represent  the  aerodynamic  forces  and  moments  on  a  body,  it  is 
necessary  to  combine  both  the  potential  and  the  viscous  contributions.  The 
potential  contribution  is  determined  by  the  use  of  slender  body  theory.  The 
development  of  the  equations  representing  the  slender  body  solutions  is  an 

adaptation  of  the  methods  of  Sacks. *  The  basic  equations  were  modified 
to  account  for  large  angles  of  attack  and  sideslip.  The  ability  to  handle 
arbitrary  body  shapes  was  attained  by  introducing  a  method  of  obtaining  a 
mapping  function  for  an  arbitrary  body  shape. 

A  computer  program  was  written  which  computes  five  component  force  and 
moment  coefficients  as  functions  of  resultant  angle  of  attack,  roll  angle, 
yaw  velocity,  and  pitching  velocity.  From  these  coefficients  the  aero¬ 
dynamic  derivatives  can  be  easily  obtained. 

The  equation  for  the  forces  and  moments  given  by  Reference  1  when  modified 
to  eliminate  the  rolling  velocity,  the  effect  of  which  can  be  considered 
negligible  for  a  body,  and  the  time  derivatives,  can  be  written  in  complex 
form: 
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The  evaluation  of  these  equations  requires  that  the  complex  potential 
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be  known.  When  the  residue  of  the  potential  A^(x)  is  known,  the  only 

difficulty  in  evaluating  the  total  forces  and  moments  arises  in  evaluating 
the  first  term  of  the  moment  equation  above: 

1R  if  Fd(ZZ) 


The  rest  of  the  terms  are  readily  evaluated. 
Sacks  has  shown  that 


B(x) 


^00  dS 
2tt  dx 


(31) 


It  remains  to  evaluate  the  coefficients  A^(x),  since  the  coefficient  D(x) 
is  not  required. 
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The  coefficients  A^(x)  can  be  evaluated  by  re-expressing  Equation  (30)  in 
terms  of  the  mapping  circle  plane  coordinate,  C»  !•*•» 


F  -  B(x)  l n  C  +  5 


Sacks  shows  that  this  expression  can  be  evaluated  from  the  coefficients 
of  the  mapping  from  the  circle  plane: 
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where  q  ■  re*®  and  T^(0  is  the  portion  of  the  potential  required  to 

satisfy  the  boundary  conditions  of  the  body  and  is  equivalent  to  tha 
following  expression: 
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The  coefficient  H,  by  comparison  with  the  coefficient  B(x),  can  be  shown 
to  be 


H.-siS 

H  2n  dx 


A  comparison  of  the  two  expressions  for  F  gives  the  expression 
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with  this  expression  and  the  definition  of  R  (again  with  p  =  ■*-  *  0) 


R  ■  -  |r  cos  0  +  q  sin  0  (x  -  x£g) 


-  i  sin  a  +  (q  cos  0  -  r  sin  0)(x  -  xCgj  (39) 

This  expression  for  R  has  been  modified  from  the  definition  of  Reference  1 
to  utilize  the  resultant  angle  of  attack  and  roll  angle  instead  of  angle  of 
attack  and  sideslip. 

All  of  the  necessary  information  is  now  available  to  solve  Equations  (27) 
and  (28)  if  it  is  assumed  that  the  coefficients  of  the  mapping  function, 
Equation  (33),  are  known.  The  expression 

R  f  Fd(ZZ) 
x=£ 


can  be  evaluated  by  integration  by  parts  to  be 
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since  the  first  term  of  the  integration  by  parts  is  imaginary.  On  the 
surface  of  the  body,  Z  can  be  represented  by  the  expression 

N  i  r  2  N  C  " 

h  ’  5c  +  “o  +2  fl  ‘  f~  *  *o  +  £  *n  “2J  (41) 

n=l  ^c  C  n®0  rc 

and  the  expression  for  F  can  be  differentiated  with  respect  to  £  and  the 
residue  of  the  integral  can  be  obtained. 

Thus,  assuming  that  a  mapping  function  is  available,  it  is  possible  to  solve 
Equations  (27),  (28)  and  (29)  for  Y,  L,  N,  M  and  L'  as  functions  of  a,  ©,  q, 
and  r.  Also,  by  direct  differentiation  or  by  perturbing  either  a,  0,  q,  or 
r,  it  is  possible  to  obtain  the  derivatives  of  the  coefficients  as  well. 

The  above  analysis  can  also  be  readily  extended  to  include  either  the  roll¬ 
ing  velocity  or  the  time-dependent  behavior  of  the  coefficients,  should 
these  be  desired.  In  the  treatment  of  these  equations  it  has  been  assumed 
that  the  forward  velocity  can  be  resolved  into  an  axial  and  a  crossflow 
component  which  permits  the  equations  to  be  solved  at  angles  of  attack  up 
to  90  degrees. 


2.  SIMPLIFIED  METHOD  OF  OBTAINING  MAJOR  MAPPING  COEFFICIENTS 


To  obtain  a  handbook  method  of  using  slender  body  theory,  it  is  necessary 
to  find  an  approximate  method  for  estimating  the  most  important  coeffi¬ 
cients  of  the  mapping  function  in  a  simplified  fashion.  An  examina¬ 
tion  of  Equations  (27)  and  (28)  shows  that,  except  for  the  term  A^,  all  the 

variables  are  independent  of  the  mapping;  i.e.,  they  can  be  obtained  directly 
from  the  body  geometry  and  flight  attitude.  In  addition,  it  can  generally 
be  assumed  that  the  rolling  moment  of  t  le  body  can  be  considered  negligible. 
It  can  also  be  shown  that  the  derivatives  of  Y,  L,  N,  and  M  with  respect  to 
q  and  r  are  dependent  only  on  the  radii  s  of  the  mapping  circle  and  the  co¬ 
efficient  a^.  The  other  coefficients  inter  into  the  derivatives  with 

respect  to  angle  of  attack  and  sidesli  (or  resultant  angle  of  attack) 
through  the  cos  a  terms  appearing  in  F.(uation  (37).  It  appears  from  this 
expression  that  coefficients  other  than  r^,  a^,  and  a^  may  be  neglected  in 

treating  the  body.  This  would  imply  the  simplification  of  Equation  (37) 
to  the  form 
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This  approximation  and  a  suitable  method  of  estimating  r^,  a^,  and  a^ 

would  permit  a  relatively  simple  procedure  to  be  outlined  for  treating  the 
potential  contribution  to  the  body  aerodynamics.  The  most  suitable  method 
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of  approximating  these  three  coefficients  is  to  treat  aQ  as  if  it  were 

equivalent  to  the  centroid  of  the  cross  section,  and  to  estimate  r  and  a 

0  1. 

from  the  maximum  vertical  and  lateral  dimensions  of  the  body.  If  2a  is  the 
maximum  lateral  dimension  and  2b  is  the  maximum  vertical  dimension,  then 
by  letting 
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1 


b-a 

2 


(44) 


one  obtains  a  relatively  good  approximation  for  these  coefficients.  These 
approximations  have  been  made  for  the  T-38  body  and  their  values  are 
compared  with  those  obtained  from  an  analog  mapping  method  and  shown  in 
Figures  62  through  64.  Considering  the  complexity  of  the  chosen  body,  it 
is  considered  that  the  agreement  obtained  is  quite  good.  The  effects  on  the 
coefficients  of  using  these  approximate  values  and  neglecting  all  other  co¬ 
efficients  are  shown  in  Figure  65. 

It  is  felt  that  this  is  an  adequate  demonstration  of  the  capabilities  of 
predicting  this  portion  of  the  body  aerodynamics. 


3.  VISCOUS  CROSSFLOW 

The  viscous  crossflow  concept  assumes  that  the  effects  of  an  angle  of  attack 
or  sideslip  can  be  estimated  by  treating  only  the  component  of  dynamic 
pressure  in  the  crossflow  plane,  and  that  the  forces  exerted  at  each  segment 
of  the  body  are  independent  of  those  sections  forward  or  aft  of  this  segment. 
This  treats  the  body  by  what  is  essentially  a  strip  theory  based  on  local 
two-dimensional  values  of  the  body  drag. 

Using  this  concept,  one  can  write  the  incremental  force  on  any  segment  in 
the  form 


where  (C^  c  )  and  (C  c  )  are  local  values  of  the  crossflow  drag  areas 
y  z  z 

per  unit  length  in  the  yaw  and  pitch  directions,  respectively. 

To  include  the  effects  of  pitching  and  yawing  velocity,  it  is  necessary  to 
define  the  crossflow  velocity  components  Vq  and  as 
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Figure  63.  Exact  and  Approximate  Calculation  of  Mapping  Coefficient, a^. 
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Figure  64.  Exact  and  Approximate  Calculation  of  Mapping  Coefficient,  aQ. 
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V  =  U  sin  a  sin  0  -  r(x  -  x  ) 
0  v  eg' 


(46) 


Wq  =  -U  sin  a  sin  0  -  q(x  -  xcg)  (47) 

With  these  definitions  and  Equation  (45),  one  can  write  the  viscous  contri¬ 
butions  to  the  forces  and  moments  as 

[Y  -  ll]  vise  ■  !  /  lCDy  °y  VolVJ  -  1  CDz  °z  Wol"ol]  d* 

[N  -  IMj  vise  ■  "I  f  <*  *  *cg>  [°Dy  Cy  VolVo!  ■  1  \  Cz  WJ“ol]  d*  <49> 

The  above  formulations  permit  the  viscous  contributions  to  Y,  L,  N,  and  M 
to  be  computed  as  functions  of  a,  0,  q,  and  r.  No  attempt  has  been  made  to 
include  a  viscous  contribution  to  rolling  moment,  since  it  does  not  seem 
to  be  a  significant  contribution  to  the  overall  aircraft  aerodynamics.  Nor 
is  it  possible  to  formulate  a  model  which  would  include  acceleration  effects 
of  the  body.  It  is  believed  that  the  above  formulations  give  the  most 
significant  effects  due  to  viscosity. 

The  values  for  the  crossflow  drag  coefficients  can  be  obtained  by  considering 
two-dimensional  section  data  for  the  shape  under  consideration  or  a  similar 
shape.  Calculations  made  thus  far  have  shown  that  treating  the  body  as  an 
equivalent  ellipse  will  give  reasonable  values  for  the  viscous  forces  and 
moments. 

Calculations  were  made  for  the  T-38  body,  using  the  following  equation  for 
the  crossflow  drag  coefficient: 


2C, 


{1+k)  +  U1(s) 


(50) 


with  C^  =  0.0075. 

It  was  assumed  that  a  and  b  ,  which  in  Equation  (50)  are  the  ellipse  semi- 

e  e 

axes  parallel  and  perpendicular  to  the  crossflow,  respectively,  were  the 
maximum  dimensions  of  the  local  T-38  cross  section. 

The  results  obtained  with  this  equation,  together  with  the  slender  body 
values,  are  compared  with  test  data  in  Figure  66. 
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APPENDIX  II 


COEFFICIENTS  AND  DERIVATIVES  FOR  ANALYSIS 


For  the  purpose  of  study  on  this  contract,  cargo  containers  with  three 

different  fineness  ratios  were  analyzed.  These  containers  had  a  square 

front  face  and  fineness  ratios  of  A  /A  =  1,  2.5,  and  5.0.  Also  analyzed 

X  s 

were  three  other  configurations:  a  cargo  truck,  M-35A1;  an  armored  recon¬ 
naissance/airborne  assault  vehicle,  M-551;  and  a  command  post  carrier, 
M-577A1. 

Figures  67  through  72  show  the  coefficients  and  derivatives  for  the  cargo 
containers.  In  all  cases  the  reference  area  was  the  frontal  area,  the 
reference  length  was  the  container  length  normal  to  the  front  face,  and 
the  moment  center  was  at  the  centroid. 

Figure  73  shows  the  armored  reconnaissance/airborne  assault  vehicle,  M-551 

(tank),  as  used  in  the  study.  The  outline  of  the  vehicle  was  smoothed  out 

to  input  to  the  computer  program  as  shown  on  the  figure.  Figures  74  through 

81  show  the  coefficients  and  derivatives  obtained  for  this  vehicle.  The 

reference  area  was  the  maximum  frontal  area,  the  reference  length  was  the 

vehicle  length,  and  the  center  of  moment  was  0.5  H  r  behind  the  nose  and 

ref 

0.185  (.  ,  above  the  lower  track, 
ref 

Figure  82  shows  the  truck  which  was  analyzed  and  the  modifications  to  the 

outline  used  in  the  analysis.  Figures  83  through  88  show  the  coefficients 

and  derivatives  obtained.  The  reference  area  was  the  maximum  frontal  area, 

the  reference  length  was  the  vehicle  length,  and  the  center  of  moments  was 

0.49  H  -  behind  the  nose  and  0.14  0  r  above  the  lower  outline  as  modified, 
ref  ref 

Figure  89  shows  the  command  post  carrier  which  was  analyzed.  Figures  90 
through  97  show  the  derivatives  obtained  for  this  configuration.  The 
reference  area  was  the  maximum  frontal  area,  the  reference  length  was  the 
vehicle  length,  and  the  moment  center  was  0.5  ^re£  aft  of  the  nose  and 

0.216  H  ^  above  the  lower  track, 
ref 
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Figure  90.  C  ,  C  ,  and  C  vs  ff, 
x  z  m 
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APPENDIX  III 


HELICOPTER  FLIGHT  SIMULATION 


This  appendix  presents  the  detailed  results  of  the  helicopter  flight  sioiu 
lation  program.  The  following  tables  summarize  the  longitudinal,  lateral 
and  directional  runs  depicted  in  the  charts,  Figures  98  through  115. 


TABLE  XXXI.  VALUES  PER  LINE 

(LONGITUDINAL  CASES) 

Channel 

Parameter 

Value/Line  i 

1 

6 

0.1 

inch 

2 

0 

2.0 

deg/ssc 

3 

0 

0.5 

deg/  3ec 

4 

e 

2.0 

deg 

5 

u 

1.0 

2 

ft/sec 

6 

u 

1.0 

ft/sec 

7 

w 

1.0 

f c/sec^ 

8 

w 

5.0 

ft/sec 

All  channels  positive 

upward 

_ 

Longitudinal  Cases; 


Longitudinal 


Figure 

Run  Number 

Flight  Speed  (knots) 

Control  Inputs 

98 

62 

50 

1-inch  pulse 

99 

57 

50 

1-inch  step 

100 

48 

100 

1-inch  pulse 

101 

53 

100 

1-inch  step 

102 

68 

150 

1/2- inch  pulse 

103 

72 

150 

1/2- inch  step 

196 


TABUS  XXXII.  VALUES 

PER  LINE 

(LATERAL  AND  DIRECTIONAL) 

Channe 1 

Pa  rameter 

Value /Line 

1 

6 

LAT 

0.1  inch 

2 

6 

RUD 

0. 1  inch 

3 

P 

1.2  deg/sec 

4 

i 

1. 0  deg/sec 

5 

1.0  deg 

6 

V 

2 

1.0  deg/sec 

7 

* 

1.0  deg/sec 

8 

* 

1 . 0  deg 

All  channels 

pos itive 

upward 

Lateral  Cases: 


Figure 

Run  Number 

Flight  Speeds 

Lateral 

Control  Inputs 

104 

96 

50 

1-inch  pulse 

105 

104 

50 

1-inch  step 

106 

94 

100 

] -  inch  pulse 

107 

106 

100 

1-inch  step 

108 

100 

150 

1/2-inch  pulse 

109 

102 

150 

1/2-inch  step 

Directional 

Figure 

Cases : 

Run  Number 

Flight  Speeds 

Rudder 

Control  Inputs 

110 

97 

50 

1-inch  pulse 

111 

105 

50 

1-inch  step 

112 

95 

100 

1-inch  pulse 

113 

107 

100 

1-inch  step 

114 

101 

150 

1/2- inch  pulse 

115 

103 

150 

1/2-inch  step 

197 


8 


Time  (seconds) 


Figure  99,  Helicopter  Flight  Simulation  --  Run  57, 
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Figure  100.  Helicopter  Flight  Simulation  --  Run  48. 
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Figure  101.  Helicopter  Flight  Simulation  --  Run  53. 
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Figure  102.  Helicopter  Flight  Simulation  --  Run  68. 
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Figure  106.  Helicopter  Flight  Simulation  --  Run  94- 
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Figure  108.  Helicopter  Flight  Simulation  --  Run  100. 
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Figure  110.  Helicopter  Flight  Simulation  --  Run  97. 
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Figure  ill.  Helicopter  Flight  Simulation  --  Run  105 


2 


Time  (seconds) 


Figure  112.  Helicopter  Flight  Simulation  --  Run  95. 


Time  (seconds) 


Figure  113.  Helicopter  Flight  Simulation  --  Run  107. 
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Simulation  --  Run  101. 


-25  deg/sec 


25  deg 


-25  deg 


V  ■  150  knots 


Time  (seconds) 


Figure  115.  Helicopter  Flight  Simulation  Run  103 
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